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The Mineral distribution patterns in the deep Gulf surficial 
sediments were determined from 48 samples. These patterns can be 
explained by sediment source for some minerals but not for others and 
this disparity cun be interpreted in terms of differential settling. 
Quarts, kaolinite and illite reflect their source. Calcite percent 
increases to the south east and is accounted for, pritearily, by biologic 
activity. The Mississippi River input is reflected by high percentages 
of quarts and illite and a lovr percentage of kaolinite in sediments av/ay 
from its mouth. The areas of high percentages of kaolinite in the 
sediments reflect the provenance of tho south oast United States and 
tho Mexican Rocky Mountains. Sediments away from the mouth of the Rio 
Grande River have a high illite content.
Smectite and chlorite exhibit amorphous distribution patterns in 
the deep Gulf, not related to input. Those patterns are probably caused 
by distribution by currents during slow settling, and may be due, in part, 
to the diagenetic transformation of smectite to chlorite. A case for 
this diagenetic process is based on significant negative correlations of 
smectite percentages with chlo.ri.to percentages; the presence of both 
these minerals in the less~thun~two-tentha~iaicron fraction; the apparent 
high cation exchange capacity of chlorite which is found in newly 
formed synthetic and peuogenie chlorite; Mg/Cl ratio in the sediment pore 
waters higher than sea water; recently reported experimental conversions
of smectite to chlorite.
For the quantitative evaluation by x-ray diffraction of sediments 
an equation developed by Moore (1960) was applied. To convert peak 
intensities to mineral percentages this has the advantage of eliminating, 
by calculation, the interferences that the presence of a given mineral 
has on the x~ray diffraction peak intensities of other minerals in an 
assemblage. It also increases precision mid probably accuracy.
Comparison of results for the bulk sediments and the less-than-two-micron 
fraction suggests the traditional separation of this fraction nay be 
unnecessary if the interferences can be successfully eliminated by 
calculation. X-ray diffraction of the bulk sediment can give important 
information on minerals other than clays in sediments, such as quartz 
and calcite and can be applied to indurated sediments.
Consideration of marine sediment pore waters in terms of Donnan 
equilibrium suggests this phenomenon should be evaluated in the design 
of extraction techniques for such waters. Effects of extraction pressure 
dilution, and cation selectivity, as well as the recently documented 
temperature effect, con interact so that laboratory extracted solution 
may not represent a true in situ phase. Experimentation and the develop 
ment of adequate theoretical mod.els are necessary to reconcile 
laboratory extracted solutions with in situ adsorbed and excluded phases. 
A minimum of 20,o of the pore s olution ions belong to the adsorbed phase 
in the Gulf surficial sediments. This adsorption phase causes the 
total pore solution, which includes the adsorbed ions, to have higher 
cation/chloride ratios than sea water. Dissolution of suit may be
causing an overall increase in the pore solution concentration 
the ourficial sediments of the deep Gulf.
INTRODUCTION
This study was carried out to characterize quantitatively the miner­
alogy of the deep Gulf of Mexico ourficial sediments; to define any 
mineral distribution patterns; to investigate the nature of pore 
solutions in fine grained sediments in general, find in the deep Gulf of 
Mexico sediments in particular; to search out any relationships between 
the mineralogy and pore water chemistry of the sediments; and to offer 
explanations of the quantities, putterns, and relationships found.
The 48 sediment samples processed in this study were obtained from 
the Gulf of Mexico during three cruises of the US;£.5 Elisha N. Kane in the 
summer of 1969. The samples processed were of two typos; phleger samples 
and the top 5 era of piston cores. Phleger samples were used preferentially 
vrhere they were available. All the samples are from depths greater than 
2(X) meters. They are bottom sediments from the abyssal plain, continental 
rise and continental slope of the Gulf of Mexico (Fig. 1)«
The area encircled by the 200 ra contour and termed the deep Gulf 
of Mexico in this study covers almost a half million square miles. Tims, 
on the average, there is one sample for about every 10,000 square miles. 
V/hile this is closely spaced sampling compared with some deep ocean 
.studi.es, such cample density puts into perspective the regional nature 
of the study. Any conclusions made from observations of these cores 
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Six research institutions x’eceived aliquots of these cores obtained 
on the Kane cruises a3 part of the Navocoano-U.S.G.S. cooperative research 
project. These institutions and the scope of the research include:
Florida State University, sedimentology and radiometric dating; Louisiana 
State University, mineralogy, trace element analysis and palynology;
Rice University, paleoruagnetism; University of Texas, organic geochemistry 
and carbonate radiography; United States Geological Survey, Department 
of Karine Geology, Corpus Christi, emission spectrography.
The sediments of tho deep Gulf range from silty clays to clayey silts, 
with a sand size fraction of pelagic foraminiferal testa. Tlio decrease 
southward in quartz in the sediments, and the inverse carbonate relation­
ship cause the gross chemical composition of the sediments to fluctuate 
widely. On the triangular diagram of Mason (1966), the deep Gulf sediments 
plot in an elongate .strip between the SiO and (Ca Mg)CO^ apices, with 
relatively little variation in the amount of (AljFeJgO^.xH^O (Fig. 2).
The sediments have bulk chemical compositions that range through fields 
typical of silts and limestones and liraoy mudstones.
Tectonically, the Gulf is an oceanic pock mark in the crust of the 
Americas. Seismic refraction measurements made over the deep part of the 
Gulf indicate no continental crust is present, and that generally, 
the crustal structure resembles that of-a typical ocean basin (h’wing et al. 
1960). Ewing et al. (1962) have indicated that sediments in the deep 
part of tho Gulf of Mexico are nearly 10 km thick. Assuming continuous 
deposition from the Late Jurassic, this would represent an average rate of 
deposition of 7 cm per 1,000 years. Using the best available estimations 
of recent sedimentation rates (25-50 era per 1,000 years) (Huang and Goodell
4
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Pig, 2: Plot of the deep Gulf of Mexico surficial sediments
on the triangular diagram of Mason (1966). The chemical compositions 
of the Gulf sediment samples have been calculated from the 
quantitative mineralogy determined by x-ray diffraction. Ideal 
chemical compositions were used for the clay minerals.
1970, Burk et al. 1969)> the top five cm of sediment used in this study 
represent deposition of about the last 200 years unless there lias been 
bioturbation or redistribution by bottom currents. The sediments 
corresponding to the warm interg.lac.ial periods of the Pleistocene appear 
to.be characterised by a high carbonate content similar to the Recent 
topmost layer (Parker and Plucker, 1970).
The Gulf of Mexico presents a present day model of a deep soa basin 
with somewhat restricted marine circulation and a wide variety of environ­
ments of sedimentary deposition. Land masses enclose the basin on three 
sides. The Yucatan and Florida Straits provide a connection with the 
Caribbean Sea and Atlantic Ocean on either side of Cuba.
The fine grained sediments of the deep Gulf deposited in this regimen 
provide a convenient soux’cc of informatio'n on tho sedimentary precursors 
of some marine shales found in the geologic record. Rapid detrital 
sedimentation characterises the northern half of the Gulf, while the 
southern land borders provide little detrital material, and carbonate 
sedimentation reigns. The rivers entering the Gulf drain a diverse 
geological provenance.
In recent years, the literature has revealed an increasing pace of 
research on the tectonic framework, stratigraphy, sediments, and sediment­
ary processes in the Gulf of Mexico basin. The tempo of future research 
seems likely to quicken (Calhoun and Crump, 1969, Sharp, 1970), Some 
timely reviews and important works have been published by Murray (1960), 
Ewing and Antoine (1966), Moody (1967), Durham and Hurray (1967), Antoine 
and Bryant (1969), Lehner (1969), Brooks (1970), Davies and Moore (1970),
Huang and Goodell (1S70) as -well as other references cited in this text.
A bibliography of studies on clay minerals in oceanic mid shelf sediments 
is available in Appendix II of Brooks' Ph.D. Dissertation (1970).
Quantification in the x-x’ay diffraction analysis of fine grained 
sediments has long posed serious problems to students of sediments (Pierce 
and Siegel, 1969). A given mineral, in a mineral mixture, causes different 
amounts of interference to the intensities of the x-ray diffraction peaks 
of tho other minerals present. As the percentage of that given mineral in 
the mixture varies, interferences with the other mineral x~ray peak 
intensities vary accordingly, but at a different rate for each mineral.
The products of x-ray diffraction peak intensities and a constant 
weighting factor for each mineral respectively have been used by various 
workers as approximations to mineral percentages (Pierce and Siegel, 1969). 
This simple conversion process does not take into account the differing 
rates of interferences. Ho workers claim that such weighted peak inten­
sities are accurate, but, what is perhaps more frustrating, sensitivity 
is seriously impaired. This insensitivity hinders tho recognition of 
lateral or vertical gradients in the clay mineralogy of sedimonts.
In attempts to minimise the interferences, students of clay minerals 
in sediments have traditionally separated out the less-than-two-micron 
fraction. If interferences can be successfully compensated, then this 
separation vjould become unnecessary. A formula developed by Moore (1968) 
offers a method of calculating the interferences and compensating for 
them on an individual sample basis. With the aid of a computer program, 
x-ray diffraction peak intensities of samples of the deep Gulf surficial
sediments have been converted to mineral weight percentages by adapting 
fjooro'a formula.
Whitehouse et al. (i960) and Hahn and .'Jtumm (1970) predicted, on 
the basis of theoretical and experimental evidence, that differential 
settling rates of clay minerals, delivered to a large body of water, 
should produce distribution patterns in tho deposited sediments. Illite 
and kaolinite should settle relatively closer to the input than smectite 
minerals. Parham (1966) concluded from an extensive literature search 
of studies of sediments of various ages and lithologies, that lateral 
variations in clay mineral assemblages can serve as a useful geologic tool 
in the study of directional properties of sediments. Lateral variations 
recognized in the mineralogy of the deep Gulf surficial sediments can be 
interpreted in terms of differential settling and differences in proven­
ance of the input.
Parham (1966) points out that studies of lateral variations in clay 
mineral content of sedimentary rock3 can also be used to (1) help in the 
reconstruction of environments of deposition (2) seek evidence for a 
detrital or diagenetic origin of clay minerals, (3) reconstruct the paleo~ 
geography during a particular time interval, (4) establish measurable 
properties of sediments for location of source areas and directions of 
transport, (5) aid in stratigraphic correlation and (6) locate clays and 
shales rich in certain clay minerals for use as industrial minerals 
resources. The importance of these applications attest the need for an 
analytical method that can sensitively, at least, and accurately, if 
possible, detect variations in clay mineral assemblages.
The elucidation of diagenetic processes occurring in Recent sediments
has an unquestioned importance. Tho process can have implications 
ranging frora the steady state model for the ocean (Mackenzie and Carrels,
1966a) to clay minerals as purifiers of fission products (Eicholz et al., 
1967) and human and industrial waters (llcCrone, 1967).
Diagenesis in sediments implies among other tilings, reactions between 
the liquid and solid phases. "The mechanism of a reaction refers to the 
step, or series of steps, by v/hich the initial reactants interact in the 
process of forming the products. , . . Each step in a mechanism, if the 
steps can be discovered, is ordinarily easier to understand than the 
overall net reaction." (Campbell, 196*3)*
If the mechanism of diageneeis in clayey marine sediments is to be 
understood, the possible steps in that mechanism must first bo defined. 
Examination of the literature reveals that adsorption of ions from the 
pore solution to clay minerals has been generally disregarded as a step in 
the mechanism of diagenetic reactions. Such adsorption is controlled by 
energy distribution among reactants, in other words, by equilibrium forces. 
The nature of interstitial solutions in marine sediments in terms of the 
Donnan equilibrium model is examined here. Data 011 the chemistry of the 
pore solutions of the Gulf of Mexico surficial sediments is used to 
indicate that the adsorbed phase may represent a s ignificant proportion 
of the pore .solution. —
Correlations between the mineralogy and the total pore solution 
which includes adsorbed ions, are examined to seek out relationships.
Lack of data on pore wator content prevents the use of solution . 
concentrations so that moles/100 g sediment are used. Such concentrations
are a function of the porosity an we 13. as solution concentration. Tixis 
Units interpretations that can be made. The possibility that clay irui- 
erals con.ti’ol to soiao extent the composition of the pore solution is 
examined. The distribution patterns of K, J7a, Kg, Cl, h/ci and Vig/Cl 
are compared with the distribution of clay minerals in the surficial sedi­
ments and. salt beneath them. A case is made for the possible diagenesis 
of smectite to chlorite.
METHODS
Samples
Two types of samples, Phleger and piston cores were obtained during 
the three cruises of the USNS Elisha W. Kane in the suinner of 1969.
Piston cores were channel split, divided into 5 cm lengths, and stored in 
petri dishes, Phleger samples wore used preferentially (Appendix 1) as 
they generally constitute a better representation of bottom s ediments at 
a given location. Where Phleger samples were not available, the top 
sample, consisting of the uppermost 5 cm of the core was used.
I
l̂ rocedurc.s
Procedures of sample treatment are summarised in figure 3«
Mineralogy determinations were performed on two replicates of each sample. 
For every sample two determinations were made of the mineral percentages 
in the less-than-two-micron size fraction and two determinations were 
made of the mineral percentages in the bulk sample.
X-ray diffraction analysis was used to determine the quantitative 
mineralogy for both the less-than-two-micron fraction and for the bulk 
sample. Representative diffraction patterns are illustrated in figure 4 . 
The details of the method of quantitative evaluation of these patterns 
ax’s presented in Appendix 10. Most studies of the mineralogy of fine 
grained sediments confine themselves to the less-than-two-micron fraction. 
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Fig. Flow diagram of treatments applied to each sample*
X-RAY DIFFRACTOGRAMS
\  \ A |
Fig. 4: Representative x-ray diffractograms; bulk samples; Cu Koc
radiation, 40V, 20 m.a.; scan rate 2°2Q per minute fast scan and l/8°20 
per minute slow scan.
the clay mineralogy of the hulk sediment on the assumption that this 
fraction is representative. Both determinations were made in this study
in order to test this assumption.
Interstitial solutions were obtained by washing aliquots of the 
samp-.es with distilled water and IN ammonium acetate. Duplicate extract- 
ions were made on the 22 samples which were large enough to provide two 
aliquots of about 5 £ each. The solutions were analysed for K, Na, Ca,
Mg, Cl and SO^. The results of both determinations were combined and are 
referred to as the total pore solution. (Appendix 10 contains the 
procedure and the explanation of the use of the terra "total pore solution" 
may be found on p. 67.
Statistical Treatment of Data
The means of the two determinations of the quantitative mineralogy 
for the bulk samples and the lesa-than-two-micron fraction are listed in 
Appendices 4 and 5. Appendix 8 contains details of the respective analyse 
of variance.
An I'1 test can bo used to test the homogeneity of a set of n treatment
means in an analysis of variance. Such has been used here to test the
homogeneity of the mineral percentage weans and the means of the chemical 
analyses obtained for the samples treated. For each of the six ninerale 
in the bulk samples, the homogeneity hypothesis has been rejected 
(Appendix 0). That is to say, the relative abundance of any of the six 
minerals is not homogeneous throughout the deep Gulf. This lack of 
homogeneity holds for the remaining five minerals on a non-carbonate 
basis (Appendix 8) and for illite, kaolinite and calcite in the less-than-*
tvro-iaicron fraction (Appendix 8). Useful as this information is, it allows 
lio decision an to which of the differences between the station means may 
bo considered significant and which may not.
One hypothesis might be considered. The difference in quantitative 
mineral content of tho samples may bo associated with the physiographic 
provinces of the water depths greater than 200 meters (Fig. 1). A 
brief survey of the data immediately rules out the suggestion.
In the absence of a priori hypotheses it is necessary to formulate 
and test a posteriori ones. A suitable test for this purpose is Duncan's 
new multiple range test (Duncan, 1955). This test incorporates 
protection levels against finding differences which, in fact, do not exist. 
Ouch protection levels take intoaccount the distance between means in the 
ranked set of means as well as the standard error of the difference between 
means. The further apart means are in tho ranked set, the greater becomes 
•the difference required for declaring'a significant difference.
Choice of Isopleth Values
The grouping of moans into subsets by Duncan's new multiple range 
test (Duncan, 1955), has been used to obtain isopleth intervals for the 
mineral distribution maps (Figs. 9-14). Goodell (l967) presents another 
interesting approach to this problem using multiple non-linear regression, 
but the method is of questionable value.
Figures 18-25 show the distribution of K, Na, Mg, Cl (millimoles- per 
100 g sediment) and K/Cl and Kg/Cl (moles/mole) in the surficial sediments 
of the deep Gulf of Ifexico. Isopleth values for these figures were also 
determined from duplicate samples using Duncan’s new multiple range test.
The values obtained from the samples treated singly wore used to modify 
only locally tho loci of the isopleths. 'Die overall pattorna of figures 
18-23 arc substantially the same as obtained from the twenty-two mean 
values only; they have boon given more detail by the other single analyses.
The question may be asked "Why not use isoploth values of regular 
intervals throughout the range of values obtained, as is done with topo­
graphic maps or structure contour maps constructed from well log data?"
The example below may clarify the reason for using Duncan’s new 
multiple range test to obtain isopleth values, fjtratigraphic levels and 
land surface elevations may be determined from electric well logs with very 
small error. Provided no doubt occurs about tho choosing of the 
stratigraphic level, and provided it is sharply defined, measurements of 
ground level and depth to the formation in a well are precise enough 
that even a measured difference of 5 feet between wells is reliable at 
depths around '},000 feet. Thus, one would have no question that such 
wells which were on either side of a contour, were, in fact, different 
with respect to the elevation of that particular stratigraphic level.
This is to say, the frequency distribution of multiple measurements of the 
stratigraphic elevation values are within one or two feet of one another. 
The frequency distribution of tho measurements is indicated by the shaded 
area beneath the curve in fi giro 5A. The observed differences in 
elevation arc generally large compared with the precision of their 
measurement.
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Fig, 5: Schematic comparison of the validity of arbitrarily
chosen isoploths for precise and imprecise data. The dotted areas 
within the 95/6 confidence intervals illustrate the overlaps of the 
Intervals past the arbitrary isopleth, Isoplethe chosen on the 
basis of Duncan's new multiple rango test have a minimum of such 
overlaps.
between cores are generally small compared with the precision of their 
measurement. Consider mean mineral percentages of 37 and. 42 in two coros 
(fig. 5B). The frequency distribution of multiple measurements on the 
two cores may have considerable overlap of the values within the 95 
percent confidence limits. 0.'he greater the overlap, the smaller the 
probability of detecting a difference between, tho means. The probability 
of making a Type II error (accepting a falsa hypothesis) becomes higher 
as the overlap becomes larger. Therefore, a method is needed to find 
isopleth values which will minimise the probability of this error.
The use of Duncan's new multiple range test to determine isopleth 
values for the mineral percentage data is illustrated in figures 6,7 and
8. In these figures, tho sample niuabe.ro are listed horizontally for 
each mineral according to the rank of their respective means for that 
mineral determination, for example, in figure 6, the first listed sample 
is No. 3 which has a mean illite content of 13/". This is the lowest 
illito content of any of tho samples. Accordingly, sample 3 is ranked 
first. Similarly, sample number 5> with the highest illite content of 
40/S, is ranked 49th. The intervening samp3.es are listed in order of 
the rank of their mean illite content.
Tho horizontal lines in these figures represent the subsets into 
which the sample means have been grouped by the Duncan's new multiple 
range test. In figure 6, the first 19 ranked me fins for illito form 
subset 1. If the first ranked (smallest) mean is deleted from subset 1, 
then the other means in the subset (means ranked 2-19) can be considered 
no different from the 20th ranked mean because together* they form subset 









01 04 07 10 15 16 19 22 25 28 51 54 57 40 45 46 49
02 05 08 11 14 17 20 25 26 29 52 55 38 41 44 47
05 06 09 12 15 18 21 24 27 50 55 56 59 42 45 48
Subset 1
05 10 02 14 22 20 07 54 47 56 59 25 57 51 18 40 05
04 11 06 50 44 49 08 51 46 55 41 38 52 09 17 42 





• Subset 1 " 
2
12 f
27$ 40$ 50$-Tli nmwwf 1 'Hinrmi n-| [■i»n~rvtmrT~~l"f in i L~~ 1 r rr tri«»a uni
05 18 09 52 32 25 39 48 44 45 13 12 50 14 22 03 11 
37 21 42 26 51 36 16 43 46 47 49 23 06 19 04 01 
30 31 17 41 35 40 34 38 07 08 24 20 02 33 15 10
Fig. 6. Bulk sediments: determination of isopleth values using Duncan’s
new multiple range test. (Continued over page).

















51 04 15 33 12 26 14 46 03 41 40 47 34 02 07 30 43 
22 10 06 52 19 01 20 24 33 25 32 09 35 36 43 05 







10 15 01 11 20 43 02 38 50 08 44 24 57 34 35 09 21 
03 06 12 48 47 42 19 18 49 39 45 41 23 51 31 36 
04 14 33 16 13 40 26 22 46 52 30 25 07 05 17 32
Pig. 6. Bull: sediments: determinations of isopleth values using Duncan's
new multiple range test. (Continued over page).







33 14 04 07 49 22 43 44 20 24 40 45 46 52 09 26 pi 
10 11 34 02 1 7 1 2 30 00 35 18 25 47 32 51 21 37 
03 01 15 19 50 48 13 30 06 16 36 05 23 42 39 41










■ I IIIII n ~ n w i n > I I WH— *!«■«iiHi il i n liiw iHa i l iwf
4./] nunamBOrwiuiMKv.K
tfew ucM iN iin iii*  f x  u m iin m k H C T ifh w io
- 8
t z
Miw ia .nr> i ■» i 20.^£ 28£SfiL   i8fo
45 02 48 15 40 50 36 08 26 42 09 39 33 25 17 52 16 
11 47 20 46 49 05 32 38 41 10 44 18 04 31 37 22 
23 01 19 12 24 07 13 21 14 43 30 06 35 34 03 51
Fig. 6. Bulk sediments: determination of isopleth values using Duncan's





01 04 07 10 13 16 19 22 25 28 31 34 37 40 43 46
02 05 03 11 14 17 20 23 26 29 32 35 33 41 44 47
03 06 09 12 15 18 21 24 27 30 33 36 39 42 45 48
ILLITE 








04 10 02 49 15 24 36 41 21 25 46 32 11 38 12 05 
03 01 51 07 34 35 14 03 31 09 47 22 17 15 26 40 
16 44 06 50 37 43 19 20 39 18 52 48 23 30 42 45
SM3CTITE 









52 30 50 51 'i5’T 6  05 36 37 21 18 44 46 06 43 47 
22 03 16 25 13 09 33 24 08 45 42 19 34 35 01 48 
31 39 23 41 04 26 12 45 40 32 07 11 14 20 17 02
KAOLXIITTE 






10 03 42 18 43~13 05 38 46 31 44 02 17 24 21 23 
06 48 12 14 26 30 37 39 01 49 51 35 19 0? 32 22 
04 16 15 40 47 20 52 41 25 08 45 09 34 50 35 11
Fig* 7* Bulk sediments, carbonate removed: determination of isopleth
values using Duncan's new multiple range test. (Continued over page)*
Continued from previous page.
CHLOMTE 





_  2 -
8.5* 1Q l 16% 23
34 0? 10 03 02 04 12 15 40 36 22 06 09 37 47 23 
17 30 43 38 35 13 01 50 16 11 24 21 42 51 26 41 
14 4.8.49 18 05 19J4 2£ 03 32 52 20 45 46 39 31
QUARTZ 










iKWMiinMiuMivnnMiwvoi-.t23h> 24«6^ ?.£>*Jr.? i 23 .,8b1431
45 48 40 36 26 41 11 24 13 43 35 44 17 52 51 
23 47 02 42 09 10 12 07 08 31 37 50 2.2 14 06 






Pig. 7« Bulk sediments, carbonate removed; determination of isopleth 




01 04 07 10 13 16 19 22 25 28 31 34 37 40 43 46
02 0.5 08 11 14 17 20 23 26 29 32 35 33 41 44- 47





10 15 20 18 12 48 36 44 35 24 43 30 40 51 05 37 
11 19 49 45 34 13 38 21 25 22 06 31 02 01 26 16 







 —  2 •
l£.zL 159^31
05 26 02 51 01 41 52 50 48 34 21 36 47 22 20*23 
12 37 30 17 16 32 03 43 46 40 24 38 14 45 49 10 
06 09 42 .51-39. 35 13 25 08 07 04.44 12 19 15 11
—  ■{ ~ — ~
SMECTITE n m 11 2 '...—
2 J
. ....................... .......... ...... —  —




31 16 51 41 20 40 32 37 50 02 09 04 44 12 17 13 
21 11 46 52 39 49 23 22 34 38 03 25 30 06 23 15 
42 05 26 19 45 47 01 10 24 08 55 48 36 07 14 18
Pig# 8# less-than*-two-micron fraction: determination of isopleth values
using Duncan’s new multiple range testT (Continued over page)#
Continued from previous page.





I f Subset 1 
“  2 —
(p
59'"33






47 11 3  3  48 31 18 22 46 52  09 35 21 05 





2 T 1 5
17 10 0? 12 44 24 14 %  38 02 41 23 45 26 05 
15 11 08 39 30 35 25 50 06 43 40 16 09 03 3? 
43 37 13 22 34 04 01y i« » ilW .liw ii 1 i4ii iw n .jb 32 46 47 49 51 18 20 44 r:. -iJ \
Subset 1QUARTZ    | --- -—.-   - - p      _
2 1 d : ̂   3 „ —
Weight percent: 0.8/fr 1.2/q " A- ” "
10 42 47 21 41 19 03 02 11 36 35 03 15 01 07 06
Sample no: 26 45 33 46 25 43 22 39 31 16 03 40 05 30 12 14
43 18 23 49 20 52 51 50 44 04 24 32 13 34 57 17-n ifnmntr-M-*!—f .~i—inwwui I iWi»m» i« — «m» » ■■ Iin 111 ■■iWiw m m  i— t i iti .tit- i-jfinrTr1-w~i— iriHTnml rm- ~—rrmil̂ TtTT I T« i*' mi i ̂-----i-*~ -y- —i — i rn*«
Pig. 8. Less-than-two-micron fractions’" determination. of isopleth values 
using Duncan's new multiple range test.
The range of the subsets in figures 6, 7 and 8 determined the 
isopleth values in the respective- maps of figures 9—14- An isopleth value 
can be chosen somewhat objectively from the subset patterns. The choice 
of isopleth values followed certain, ground rules. An unbroken line 
was used when the isoplcths completely isolated a subset; a broken line 
was used in other cases.
The method of deteraining appropriate values for isopleths has the 
advantage of defining significantly different aspects of illite 
abundance, i.e., areas of high, intermediate and lew illite percentages 
are defined, and there is a logical basis for the definition of such areas. 
On the other hand, arbitrarily chosen contour intervals, e.g. 20, 25, 50,
35 and AO'/o for illito may have shown the trends, but one would not know 
if such trends wore significant (Fig. 11 cl).
Let us deal with the illito bulk samples to illustrate the 
procedure. In the case of illite (Figs. 6 and 11a) the area of low 
illite content is different from the other areas because subset 1 is 
contained wholly within it. Likewise the area of high illite content is 
different from other areas because subset 10 is contained wholly within 
it. Because the intermediate area is excluded from these two extreme 
areas, it differs significantly from both of them. This means that, if 
no difference exists between those areas, wevmuld expect to draw samples 
giving the results obtained less than %o of the time. Similar procedures 
applied to other graphs in figures 6, 7 and 8 determined the isopleth 
values of bulk samples, bulk samples on a carbonate-free basis and the 
less-than-two-micron fraction, respectively.
Summary of Methods
Several innovations have been assessed for the mineralogies! 
analysis of fine-grained sediments. This is the first x-ray mineralogical 
study in the Gulf of Mexico of the ’’bulk" sediment, not a particular size 
or mineral fraction. The method of sample preparation involving 
grinding and centrifugation onto glass plates is rapid and simple. A 
sound statistical evaluation of the results was possible because all 
mineralogical analyses vre.re performed in duplicate. A procedure of 
x-ray analysis involving just one fast scan and one slow scan on the 
glycol impregnated sample has been introduced. Kaolinitc and chlorite 
were distinguished in the slow scan by the method of Biscaye (1S61). 
Smectite, illite, quartz and ealcite vrex’e determined from the fast scan.
The method of quantitative assessment of x-ray data introduced by 
Moore (1968) and adapted in this paper to a six component mineral 
system has two major advantages. The use of peak intensity ratios 
reduces ei'rors due to inconsistencies in sample preparation and 
instrumental response. The calculation of interaction coefficients takes 
into account the effects of the percentage variations of all minerals on 
the peak intensity of any given mineral in the assemblage.
Interstitial solutions vrere extracted by 5 washings with both 
distilled water and 11T ammonium acetate. The leachates were analysed for 
Na, K, Ca, Mg, Cl” and S0“. Duplicate extractions were made of twenty- 
tvro samples; single extractions of the remaining samples.
Isopleth values on the mineral and chemical distribution maps were 
derived by a statistical analysis of the data, instead of being
arbitrarily selected. Using this method, isopleths separate areas 
which are statistically significantly different.
MINERALOGY
Quantitative
The minerals illite, calcite, quarts:, smectite, chlorite 'and 
lcaolinite dominate the assemblage in the bulk sediment and the less-than- 
two-micron fraction. Tho quantitative mineralogy has been carried out 
using procedures described above and assuming that these six minerals 
constitute 100 percent of tho sediments. Minor* amounts of accessory 
minerals were also recognised.
Analyses of variance show significant differences betv?eon cores for 
all minerals except smectite, chlorite and quartz in the less-than- two- 
micron fraction (Appendix 8). Average values for the surfieial sediments 
of the deep Gulf of Mexico are shown in Table 1. The remarkable agreement 
between the general means of the clay minerals in the bulk and less-than- 
two-micron fractions on the clay-inineral-only basis and their significant 
correlations (Appendix 9) on this basis suggest three conclusions, (l)
Wot enough clay minerals are in the larger-than-tv/o-micron fraction to 
alter significantly their ratios in the bulk samples and/or their ratios 
are not very much difforent in the lat'ger size fraction, (2) Either 
bulk samples or the less-thari-twoHraicron fraction may be used to obtain 
clay mineral ratios in sedimonts. The bulk sample method gives other 
important information about carbonate and quartz is at least as easy to 
implement and is therefore preferred. (2) The less-than-two-micron 
fraction has been used traditionally to eliminate interferences from non-
28
'fable 1• General meana of mineral percentages in bulk sediments and the 
lesa~than-two-micron fraction.
General Means
Illite Smecta te Knolinite Chlorito Quartz Calcite
Bulk Sediments
6 mineral 
basis 25.8 15.1 6.6 10.2 19.3 23.0
Carbonate
free 32.5 19.6 8.6 13.2 25.1
Clay Minerals 
only 44.7 26.2 11.4 17.7
Less than 2a 
fraction
6 mineral 
basis 38.7 22.4 9.8 18.7 1.6 8.8
Carbonate
free 42.5 24.5 10.7 20.5 1.8
Clay minerals 
only 42.2 25.0 10.9 20.9
clay minerals. The linear interference coefficients incorporated in 
equation 1 (Appendix 10) conpensate for these interferences. Therefore, 
in many cases, si tie separation may be unnecessary.
Accosso ry Mine mls
K-feldspnr and plagioclase poalts are clearly evident on many diffract- 
ograras (Fig. 4)-. Feldspars ore estimated to form less than one percent 
of tiie bulk mineral suite. Hone was positively identified in the less- 
thmi-two-micron fraction. Some diffractograms show peaks fox- hornblende 
and epidote, tho two most abundant heavy minerals in the Gulf of Mexico 
(Davies and Moore, 1970); others have feeble indications of gibbsite at 
4.53a (Jackson, 1956; Biscaye, 1965),
No .indications of mixed layer clays arc present (Fig. 4). Grim 
and Johns (1954) observed that the incidence of mixed layer clays de­
creased in sympathy with tho organic, content of the clays of the 
Gau&alupe River mouth region. They postulated tho adsorption of 
organic molecules by raontmorillonite was instrumental in forming mixed- 
lay or clays. Tho deep Gulf sediments are low in organic content (Trask, 
1955), On this hypothesis, theix* absence may be anticipated. Scafe 
(1968) also detected no mixed-layer clays from six cores in the Gulf of 
Mexico, Moreover, perhaps the highly oriented slides do not per/ait the 
detection of mixed-layer material.
Sources of Error Due to Accessory Minerals
If the accessory minerals constitute a significant porportion of the 
sediment, Moore's (1968) equation must be expanded beyond its form in 
equation 4 (Appendix 10), to include them. However, the small amounts
of feldspars and other accessory minerals observed in these samples are 
not great enough to justify the inclusion of their peak intensities in 
the equation for quantitatively evaluating the mineralogy of the deep Gulf 
sediments.
Those minerals -whose recognition is difficult in a given assemblage 
also constitute a problem. If they form a significant proportion of the 
mineral suite, not only is their proportion difficult to estimate, but 
their interferences on the other mineral proportions cannot be assessed. 
Aragonite, or dolomite, in a caleite--quartz~i 1 lite assemblage* is a good 
example of a hard-to~detect mineral. In a feu samples, where carbonates 
could be separated from the silicate interferences, low magnesium calcite 
constituted 100 percent of the carbonate present, A small peak on 
some diffractograms at 2*7a (33.1°2C-) Ou , Pig. 4)» could represent the 012 
peak of aragonite or an apatite peak, (Jackson 1956, p.213)t or both. 
Apatite from skeletons of neritic biota is a common constituent of pelagic 
sediments (Arrhenius, 1963) and may occur in tho deep Gulf sediments.
MINERAL DISTRIBUTION PATTERNS
General
Calculated mineral distribution patterns have been determined by 
statistical analysis of x-ray diffraction data (Figs, 9-14). These 
patterns have been interpreted in terras of biogenic activity, input, 
differential settling, internal transport mechanisms and diagenesis.
The amount of calcite in the sediments (Fig, 9) ranges from aero 
(cor© 5) to 50/2 (core 11). The aero reading in core 5 in undoubtedly real 
as it was obtained for both replicates and because x-ray analysis is 
sensitive to even small amounts of calcito. Tho percentage of calcite in 
the sediments decreases in all directions away from tho Campeche Shelf.
In contrast to the calcite distribution patterns, quarts content decreases 
southward.(Figs, 10a, b)„
The mineral distribution maps (Figs. 10a, 11a, 12a, 13a and 14a) 
show a marked influence of calcito on the distribution patterns of quartz, 
illite, kaolinita, smectite and chlorite respectively. The correlation 
coefficients (Appendix 9) confirm this. Interpretations of the lateral 
variation pattern are difficult because of this interference.
In order to remove the effect of calcite on the detrital mineral 
patterns, tho bulk mineral percentages are recalculated on a carbonate- 
free basis (Appendix 0). The areal variation in each mineral percentage 
is illustrated in figures 10b, 11b, 12b, 13b and 14b. Analyses of
32
33
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Fig. 9a: Weight percent of calcite in bulk sediments.
Fig. 9b: Weight percent of calcite in the less-than-two-
micron fraction.
variance showed significant difference between stations for all five 
minerals on a carbonate-free basis.
Interpretation of Mineral Distribution Patterns
1. Calcite
Uchuppi and Emery (1968) compiled a composito map of sediment type 
in the Gulf. This map was based on scattered and generally miredated 
studies of limited areal extont by various authors. In most of the 
studies used, carbonate was determined by carbon dioxide release on acid 
treatment. Figure 9a shows their northern boundary for sediments contain­
ing more than JOjo carbonate. The pattern determined in this study agrees 
reasonably well with this composite pattern.
Biogenic activity is responsible for most of the calcite in the 
sediments since it consists almost entirely of pelagic foraniniferal 
tests and pterapod shells (Kuang and Goodell, 1970)• Some of tho finer 
sized material could have resulted from physicochemical precipitation 
(Cloud, 1962), precipitation by bacterial metabolism (Greenfield, 1963), 
algal activity or the biological and mechanical trituration of more 
resistant skeletons (Stockman et al., 1967). Some of the 2—5 micron 
calcite appears to be coecoliths, because microscope examination reveals 
discoid particles with birefringence similar to the carbonates,
The influx of detritus from the north has an increasing dilution 
effect on the percentage of carbonate in the sediment. The southeastward 
increasing surface temperature gradient (Pugilister, 1947 and Nowlin and 
McLellan, 196?) favours a more prolific production of carbonate in that 
direction, whether the inecahaniora of production, bo biological or
physico-chemical. Tho incoming Yucatan current may also be a source of 
nutrients for biologic activity and help explain the greater abundance of 
calcite in the sediments of the southern Gulf of Mexico. This currant 
may also bring in detrital carbonate from the Caribbean. Uchuppi and 
Emery (1968) suggested the Caribbean as a source of carbonate for the 
building of the Campeche Bank since the death of the Cretaceous Koefs,
Davies (i960) presents a persuasive case in support of carbonate 
turbidite flows from the Campeche Shelf across the abyssal plain. The 
evidence he cites includes: upward fining sequences; erofiional lower
boundaries; micrite pebbles in basal members; bioturbated upper members; 
variation in member and unit thickness; intercalated pelagic lutites; 
and bcnthonic shallow marine faunas. These detailed observations wore 
made on six cores all southeast of a line joining cores 20 and 46 (Fig.
1). These turbidite units contain an average of 71 calcium carbonate and 
are described as white and light grey calcilutitos. No sediments of 
such kind were encountered in samples in this study. Turbidites 
probably have not contributed to the formation of the pattern of figure
9. Had they been present they would merely have accentuated the southward 
increase in carbonate.
Davies (1968) surveyed other cores from the central Gulf and 
identified, carbonate turbidites in decreasing frequency northward as 
far north ti3 the Sigsbec escarpment. An outline of the area in which 
he recognised at least one carbonate turbidite is shown in figure 9a. 
llis cores were drawn from an area slightly larger than the outlined area.
Intorpx^etation of Mineral D.iatrlbutlon Patterns
2. Ilon-Carbonate Minerals
The distribution patterns of minerals in the bulk sediments on a
non-carbonate basis are similar to the loos-than-two-micron fraction ones.
Bulk mineral analyses also allow the mapping of quartz distribution
patterns. The interpretation, developed below, of these patterns
suggests that input source is recognizable; differential settling is
operative; and internal transport mechanisms have a modifying effect.
These mineral distribution patterns are inadequate by themselves for the
assessment of diagenesis in the surficial sediments,
3)1 s t ribut 1 vo Provin ce
The Gulf of Mexico has a sediment source of 2,130,000 square miles.
The Mississippi River drainage basin forms the main distributive 
(1 )provincev of the Gulf of Mexico sediments. The annual discharge of 
sediments by the Mississippi of greater than 500x10^ tons (Smith 1966, 
Kolb and Kaufman 1967, Moody 1967) completely overshadows that of the 
next largest, the Rio Grande (14x10^ tons, Smith 1966). The great 
variety of I'ock types in the provenance of the Gulf is well summarized 
and illustrated by Moody (196?). The sediment delivered by the 
Mississippi is composed of about JO percent sand, 30 percent silt 
and 40 percent clay (Scruton 1960, Shepard 1960, Moody 1967). About
The distributive province lias been defined as "the environment 
embracing all rocks that contribute to the formation of a contemporaneous 
sedimentary deposit and includes the agents responsible for the 
distribution" (Twenhofel, 1950, p. 8-9). Provenance is concerned 
only with tlie torranes or parent rocks from which a particular association 
is derived (Moody, 1967).
half settles out in the shallow Gulf waters off the mouth of the 
Mississippi Delta (Kolb and Kaufman, 196?)» Litt.le .sand sized detrital 
particles roach the abyssal plain (Davies and Moore 1970, Scafe and 
Kunze 1970).
Because of its overwhrjljaing sedimentary contribution, the 
Mississippi will be the major contributor of a given detrital mineral to 
the Gulf, even if that mineral forms only a small percentage of the 
Mississippi load. The proportional contribution of the Mississippi 
discharge to the percentage of a given mineral at a given point in the 
surficial sediments of the Gulf depends on its behaviour in terms of the 
transport mechanisms within the Gulf which are discussed below. The pro­
venance of the Mississippi Kiver drainage basin accounts for most of the 
sruectite (Missouri I fiver) and illite and chlorite (Ohio River) (Grim 
and Johns, 195&).
Studies of the sedimentary contribution of atmospheric dust (Rex 
and Goldberg 1950, Arrhenius 1959, 1963, Delany et al„. 1969) suggest 
that the rate of sedimentation in the Gulf is much too high (Huang and 
Goodell, 1970, Burk et al., 1969) for the bulk sediment to be affected by 
any neolean contribution. The uniform distribution of quartz in the less- 
than-two-micron fraction, however, may indicate an aeolean origin.
Trans yx> r t Hoc ? rani sms
Transport mechanisms in the eastern Gulf of Mexico have been 
summarised by liuang and Goodell (1970). The most important are 
circulation currents and mass movements. Circulation currents in the 
Gulf are complex (Nowlin and MeLeilan, 1957) and in many respects still
not well understood.
The dynamic water masses consist of the surface water 0-50 m; 
subtropical underwater which is responsible for the primary circulation 
feature of the Gulf, the loop currant; Antarctic intermediate water 
(500-1,000 m) which cntei's sporadically through the Yucatan Channel 
travelling northward under the loop current and then, swinging west where 
it disappears by miring; deep water (more than 1,000 m) whose circulation 
appears to be unorganised, Bottom currents can be effective redistribut­
ion mechanisms in the deep sea (Johnson and Johnson, 1970)„
There is little doubt of the occurrence of mass movements by 
slumping of detrital sediments from the shelf to the deep areas of the 
Gulf (Geaiy 1955, Shepard 1955, Huang and Goodell 1970). This slumping 
process probably causes turbidity currents to fora but this is not accepted 
by all sediiaentologists. Bouina (1968) tentatively ascribes structures in 
cores from the Mississippi cone to turbiditos - "at the present time the 
interpretation turbidites seams the most correct one."
Huang and Goodell (1970) argue that periodic bottom currents and mass 
movements or slumping are important in the eastern Gulf but find the 
evidence for turbidity currents not convincing. They reason that most 
of the sedimentary structures in the cores are the result of slow 
accumulation, traction transport or pelagic settling End reworking by 
bottom currents, .internal waves and organisms. Needham and Connelly (1971) 
suggest that fine grained turbidity current deposits in abyssal areas are 
relatively structureless, and the absence of structure is no argument 
against them.
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Fig, 10c: Weight percent of quartz in the less-than-two-micron
fraction.
Huang and Goodell (1970) cite the argument of Terzaghi (1956) again;; 
alump as an initiating agent for turbidity currents on basis of short 
duration of liquefaction. This argument is no longer widely accepted. 
Allen (1971) developed a model which allows a liquified sediment slump 
to change into a turbidity current over a comparatively short travel 
distance.
Davies (1968) presents ample evidence for carbonate turbidites off 
the Campeche Shelf. Y/hy carbonate turbidites occur off tho Campeche 
Banks and liavo not been reported off the 1'lorida Shelf is another quest!0 
requiring on answer. Enough cores have been taken to intersect them if 
they occur. It seems likely that they do not occur because of low rates 
of sedimentation and the absence of triggering mechanisms on the Florida 
Shelf, bear slope current eddies off the loop current probably tend to 
sweep the carbonate sediments back onto the shelf rather than initiating 
slumps.
Maas movements, including turbidity currents, should not distort 
markedly source patterns for minerals which settle relatively quickly and 
are deposited on the continental shelf and slope. On the other hand, 
the complex system of water circulation provides a dispersal system to 
smudge out effectively tho source patterns for the more slowly settling 
clay minerals, smectite and probably chlorite.
Sources Shown by Mineral Patterns
Sources for the various minerals are recognisable from the 
mineral distribution patterns. Heavy mineral studies have traced the 
Mississippi contribution to the Gulf of Mexico from fluvial through
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Fig. 11a: Weight percent of illite in bulk sediment.
Fig. 11b: Weight percent of illite in bulk sediment with
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Fig. 11 d.: Weight percent of illite in bulk sediment; iaopleth
intervals are 5$. Compare with figure 10a in which isopleth intervals 
are determined by Duncan’s new multiple range test.
deltaic, noritic and batiiyal to abyssal environment (Davies and Moore, 
1970). They contend that source changes, and not reworking or 
selective sorting of Mississippi sediments, cause significant changes in 
the heavy mineral assemblages of sediments in the Gulf. On this basis, 
five distinct input sources can be recognised, although their lateral 
distribution is well documented only in the vicini'fcy of Texas and 
Louisiana. On the abyssal plain the contribution of the Mississippi,
Rio Grande and rivers of northeast Mexico can be recognised. The 
Mississippi contribution dominates.
Sources for quarts are evident from its distribution (Pigs. 10a, b). 
Even the carbonate content of tho sediments cannot mask it (Pig. 10a).
The contributions of the Miesissippi and east Texas rivers are clearly 
indicated. The Mississippi contribution (Pig. 10b) does not extend 
as far west as Davies and Moore (1970) show their Mississippi heavy min­
eral zone. Areas in the deep Gulf seaward of the Apalachicola and Rio 
Grande Rivers are low .in quartz. Their contributions may bo insignificant 
or may be trapped on the shelf so that they do not reach the deep Gulf.
The sources of the clay minerals are more ambiguous. This might be 
expected because the quartz is mainly bed-loud while the suspended clays 
are more susceptible to other distributive agents within the deep Gulf, 
Illite and kaolinite settle out more ’quickly in soawater than smectite 
(Whitehouse et al., 1960) and therefore might be expected to reflect their 
source bettor than would smectite.
Illite is the moat abundant mineral on any basis (Table l). The 
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Fig. 12a: Veight percent of kaolinite in bulk sediment.
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Fig. 12b: Weight percent of kaolinite in bulk sediment with
carbonate removed by calculation.
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Fig. 12c: Weight percent of kaolinite in the leas-than-two-
micron fraction.
two micron fraction. Brooks (1970) also found an illite/amectito ratio 
peak area ratio of greater than one. Thin ratio is the reverse of most 
ratios previously reported (e.g. Grim and Johns 1954, Murray and 
Harrison 1956, Johns and Grim 195B, Griffin 1962, Plnxak and Hurray 
1959)* The disparity can readily be explained by differences in 
computation of mineral ratios from x-ray diffraction peak intensities.
All previous workers have simply made ratios of peak intensities or 
weighted peak intensities.
Tho high illite content of sediments on the Mississippi cone 
clearly marks tho input of the Mississippi liiver (Figs. 11a, b, c) whose 
sediments have a high illite content (Grim and Johns, 1958). The high 
illite content of the sediments seaward of the mouths of the Rio Grande 
River and the rivers draining into the Bay of Campeche suggest that they 
may carry a high proportion of illite in their sediment load.
The one high kaolinite value in the north-east comer of the deep 
Gulf in the bulk sediments (Figs. 12a, b) shows a possible coincidence 
vflth the high-kaoUnite input of the Apalachicola River (Griffin, 1962). 
This conclusion, based on one value, must, of course, be tentative, Davies 
and Moore's (1970) corresponding heavy mineral Eone is also restricted to 
that corner of the doop Gulf. Figure 12b suggests a source high in 
kaolinite south of the Rio Grande. This hinterland is tho moat arid of 
any part of the Gulf Coast and one would not expect to find a great deal 
of kaolinite in the soils from this area. The kaolinite input there is 
a provenance phenomenon not related to present day weathering. The 
hydrothermal alteration of silicic volcunic rocks to kaolinite was wide­
spread in the Mexican Mountains throughout the CenoEoic (Hansen and Keller
Fig. 13a: Weight percent of smectite in bulk sediment.
b u l k  s e d i m e n t
Pig. 1Jb: Weight percent of smectite in bulk sediment with
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Fig. 13c: Weight percent of smectite in the less-than-two-
micron fraction.
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1965, Keller mid. Hansen 1968 and Keoler 1970)* Paradoxically, the most 
humid mid hot part of the Gulf distributive province, inland from the 
Boy of Campeche shows low kaolinite. The kaolinite pattern in the fine 
grain sire does not reflect specific sources (•*!£. 12c). The fine 
kaolinite lias been subjected to internal distribution within the aeep 
Gulf,
Because smectite tends to have a slower settling rate than other clay 
minerals, it is more likely to be redistributed by current action and 
less likely to reflect the input source. The apparent high smectite 
content in the bulk sediments in eastern and western lobes of the Gulf 
is an artifice of the carbonate content of the sediments (Pig, 15a). The 
differences between stations in the smectite content of the leas-than-two- 
micron fraction are not significant at the 0.05 level (Appendix 8). The 
question of whether or not the low smectite content reflects inputs in the 
area east of the Rio Grande and south of the Texas rivers shown on 
carbonate-free bulk sediment map, is debatable (Fig. 15b). Grim and 
Johns (1954) concluded that the clays of the G-uadulupo River in West 
Texas are "characterised by a dominance- of montmorilIonite with 
•insignificant amounts of illite and a third component indicated as 
kaolin!te-chlorito". This estimate made on the basis of ratios of x-ray 
diffraction peak intensities which, as_discussed earlier, can be mislead­
ing.
Carbonate masks any source related pattern of chlorite in tho bulk 
sediment (Fig. 14a). Analysis of variance of the less-than-tvo-iaicron 
fraction shows non-significant differences (Appendix 8, Fig. 14c). The 
carbonate-froe low chlorite area in the north-oaat deep Gulf (Fig. 14b)
W e i g h t  p e r c e n t  o f
n b u f f i  s e d i m e n t
Fig. 14a: Weight percent of chlorite in bulk sediment.
W e ig h t  p e rc e n t  o f
Chlorite
in  b u l k  s e d i m e n t
( c a r b o n a t e  r e m o v e d )
Fig. 14b: Weight percent of chlorite in bulk sediment with
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Fig. 14c: Weight percent of chlorite in the less-than-two-
micron fraction.
is in agreement with Griffin's (1962) estimate of the Apalachicola sedi­
ment mineralogy.
Differential Settling
The suspended sediment of a river arrives at the river-mouth as an 
homogeneous entity. If the various river loads have distinctive mineral 
assemblages, then the inputs will be recognisable in the basin of deposit­
ion, provided no further distributive agencies disrupt their input path. 
This is the case for tho heavy mineral (mainly bed-loud) inputs of the 
Gulf. Over a total travel distance of 2,000 miles from Cairo, Illinois 
to the abyssal plain of the Gulf of Mexico, the silt size heavy mineral 
assemblages appears to have no significant alteration. Mot only do the 
assemblages have quantitative similarity, but the minerals occur in the 
same proportions (Davies and Moore 1970, figs. 6b and 7).
If the source were the only factor in the light mineral distributive 
patterns, the same kind of relationship should hold. Quartz, kaolinite 
and illite reflect their input source; smectite and chlorite do not. 
Differential settling accounts for these differences, Illite and 
kaolinite settle close enough to their input source to reflect that source 
smectite and chlorite do not.
The relatively small percentage of_chlorite in the sediments may be 
a contributing factor to the homogeneity of its dispersal patterns. 
Diagenetic alteration of smectite to chlorite, discussed later is a 
possibility that may also contribute to obliterating their depositional 
input patterns.
It is noteworthy that while Whitehouse et al. (i960) observed
flocculation of montmorilIonite under experimental conditions to form 
settling units they called ,:coacorvateo", montmorillonite still had very 
much lower* settling velocities than illite and kaolinite (1.3* 11.8 and 
11.4 cm/minute respectively at 18 per mil chlorinity). Prom a theoretical 
and experimental treatment of coagulation in natural waters halm and Stumm 
(19T0) reasoned that the different stabilities of dispersions of kaolinite, 
illite and montmorillonite ax’e due to different initial size and different 
charge on the surface. They predicted that differential settling should 
occur in largo bodies of water.
Parham (l966), in reviewing the clay mineralogy of ancient and recent 
sediments, considered that systematic lateral variations show directions 
of transport. He suggested the order of first appearance and tho relative 
amounts of clay mineral groups have significance in this respect. He 
determined the order of first appearance from shoreward to basinward as 
'kaolinite, illite, chlorite, attapulgite and oepiolite. Montmorillonite 
was present over the whole range.
The conclusion that clay minerals and particularly, smectite, are not 
extensively flocculated and dumped at river mouths finds ample support in 
recent investigations of estuaries. Meade (1968) and Kelson (1959, 1960), 
concluded that the concentrations of suspended matter in estuaries assoc­
iated with some moderately large rivers of the Atlantic seaboard show 
no accelerated decrease that can be attributed to salt flocculation.
Postma U  967) drew similar conclusions from work on rivers of northern 
Europe and British Guiana. Velocities and internal shears of estuarine 
water's were found to be apparently sufficient to obscure the expected 
effects of salinity and keep the material in suspension. The general
decrease in suspended matter associated with increasing salinity in 
estuaries in a seaward direction has been attributed to the simple 
dilution of river suspensions by sea water.
The same mechanism apparently operates on the Mississippi and other 
Gulf basin river sediments away from their mouths. In a study of tho 
Gulf of Mexico sediments, Pinssak and Murray (1959) concluded that 
flocculation was not an important process. On tho other hand, Jacobs 
mid lining (1969) suggested tho montmorillonite rich sediments of the Miss­
issippi are flocculated and deposited near the front of the delta. The 
high value for smectite in one core in this study is hardly sufficient 
to support this, especially as the core most distant from the delta in 
the eastern Gulf has a similarly high smectite value This study presents 
evidence for the operation of differential settling. Kaolinite and 
illite settle close enough to the river mouths for their source to be 
recognizable even after redistribution, by slumping and turbidity 
currents. The more slowly settling smectite is redistributed by circulat­
ion currents so that sources are not recognizable.
Dlagcnesis
Diageneois by clay mineral formation or transformation probably does 
not have a major effect on the mineral distribution patterns of the Gulf of 
Mexico. Diagenetic alteration of smee-tite to chlorite and/or diagenetic 
formation of smectite or chlorite from x-ray amorphous material, may bo
a contributing factor to tho fact that the smectite and chlorite distrib­
ution patterns do not reflect sources. This possible diagenesis is
discussed below (Page 02).
THE NATUKE OF IHTEHSTITXaL SOLUTIONS
Introduction: The Imnortnnqo of
Inner-Outer Solution Do termination
Interstitial water in clayey sediments is under the influence of 
two types of equilibrium forces, Doiman equilibrium, or some modification 
of it, operates in pore water, particularly when minerals with high 
cation exchange capacities such as smectite, sepiolite-palygorskite and 
vcrndculite clay mineral types are present. This equilibrium can be 
represented by dividing tho interstitial solution into miceliar (inner) 
and intermicellar (outer) solutions. The miceliar solution is under the 
influence of the net negative charge on the clay particle. The micellar 
solution is presumed not available to direct chemical reactions with other 
solid phases. If the outer solution is changed by such reactions, however, 
the inner solution will be changed by re-equilibration with the outer 
solution. The kinetics of this re-equilibration are rapid and inner-outer 
solution equilibrium can be assumed to be maintained at all times. Thus, 
the inner solutions constitute a reservoir or sink of a given ion for the 
outer solution provided the innersolution ionic concentration represents 
a significant percentage of the whole.*"
Tho outer solution is under the influence of both solid phase- 
solution equilibrium forces and Donnan equilibrium. Such reactions as 
doloraitization of carbonate and the precipitation or dissolution of 
calcite, aragonite, quartz, amorphous silica, feldspars, zeolites, barite
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and apatite are included. Because of the slowness of many of these 
reactions, however, equilibrium may seldom be achieved.
Because clay particles nro surrounded by a nicellar solution, any
change in their crystalline composition presumably takes place by reaction
with the micellar solution. That hydrogen saturation of tho inner solution 
3+causes A1 to move from the crystalline lattice in clays exchange 
positions is well documented (Grim 1970, p. 209-211). Further, the 
leaching of magnesium (Coleman and Craig, 1961) and silica and iron by 
exchangeable H (Mukherjee and Chatorjec, 1945) has been demonstrated.
The Aqueous h'nvironment around a Clay Particle
In order that we might discuss some of the chemical forces 
operative in a marine clayey sediment, let us examine the aqueous 
environment around, clay particles.
Clay particles have a negative charge on their surface. This
3+results from broken bonds and isomorphous substitution of A1 for
Si^+ and Kg^+, Fe^+ etc. for Al^ *" in the crystalline lattice. Adsorbed 
cations electrically neutralize these couloumb forces.
The Guoy-Chupman theory postulated that tho concentration of 
counter-ions (cations arising from the exchanger) near a flat exchanger 
surface follows Boltzmann's distribution law. In this model,, the 
concentration of counter ions falls off rapidly near the exchanger sur­
face, but the rate of decrease becomes smaller with distance from the 
exchanger (Fig. 24). Stern modified this by considering ionic dimensions. 
Stem's double layer consists of an inner part of adsorbed ions present 
in a mono-layer, and an outer part which lias the Guoy-Chapraan structure
described above.
The exchangeable ions are considered to have surrounding water 
molecules and therefore are treated as a solution. The structure of the 
diffuse layer or ion swarm for a given particle is determined by the 
clay surface density, kind of counter ions, temperature, and concentration 
of electrolytes in tho solution.
A continuous exchange of ions between the inner solution 
surrounding the solid phase, and the outer solution, takes place because 
of thermal motion of adsorbed ions and the diffusible free electrolytes.
At equilibrium adsorption and desorption balance one another. Because 
of this dynamic relationship the lav; of Mass Action can be applied to the 
exchange phenomena. Donnan equilibrium is discussed in Appendix 11.
Implication of Bonnnn Equilibrium Theory 
for Inner-Outer Solution Definition in 
I-inrlho b'edimonts by Washing or Biolysis
The two extraction techniques for interstitial solutions that involve 
dilution are: v/ashing, as described in this report; and dialysis, as used 
by some early workers (e.g. Kmery and li.ittonberg, 1952). The discussion 
in Appendix 11 makes it clear that dilution extraction techniques will not 
adequately define the inner and outer solutions as they existed in the 
sediment in situ because of: .
1 ♦ The dilution effect: The apparent cation exchange effect will
fall because of hydrolysis. The ratio of the sum of tho activities of all 
ions in the inner solution to the sura of tho activities of all ions in the 
outer (wnsh) solution will bo enhanced over its original value in the 
sediment. On the other hand, the ratio of the total moles of ions on
the exchanger (inner solution) per 100 g of sediment to total moles in 
the outer solution per 100 g of sediment will have decreased from its in 
situ value. When concentrations are expressed as moles per 100 g of 
sediment
K f Na Fig Co) distilled water v/ash
K + ha + Mg + Caj NII^OAc leachate
(lC + Na -i- Mg + Ca) outer solution (in .situ.)
(x + ha + Mg + Ca) inner solution (in situ) (16)
assuming K, Na, Mg, and Ca constitute all the ions in the system.
Tho concentrations expressed in appendices 6 and 7 represent inner and
outer solution concentrations as infinite dilution is approached.
2. The cation selectivity effect: Dilution will cause a rearrange­
ment of specific ionic ratios between inner and outer solutions. Thus 
such ratios as
Ca inner # K inner < K inuor _ ha outer ^
Ca outer * K outer ’ Ca inner ’ Ca outer
will not represent in situ conditions, no matter whether they are
expressed in activities or millimoles per 100 g of sediment. On Dorman
equilibrium considerations, the ratios least likely to bo changed from
in situ conditions by dilution are
ha .inner „ Na outer # Ca inner . Ca outer t
K inner * K outer ' Mg inner ’ Mg outer
Nevertheless, other factors, including the specific exchanger (Dolcater
et_ al., 1960), the specific ion, temperature and pH have an effect.
Factors affecting the performance of a given ion include its valence, ion
sice and ion hydration, (l/iklander, 1964), association, complex formation
or similar interactions of ions of the electrolyte and the fixed ionic
groups (llelfforick, 1962). Thus, even the last mentioned ratios 
may be modified from in situ conditions by the specificity of the 
exchanger and the ion. The data of Mangelsdorf oj, al. 0969, l''ig« 2), 
although not intended for that purpose specifically, loaves little doubt 
t)iat the clay-viatcr ratio affects the chemistry of solutions obtained 
from marine sediments.
3. Temperature effect: A typical temperature at the dee]) ocean
floor is 2°-5°G. Laboratory washings or dialysis extractions carried out 
at room temperature will bo further biased by the temperature effect. 
Considering ion exchange as a mass action phenomena, a temperature effect 
is prodictablo from thermodynamic considerations. Mangelsdorf et al. 
(iy6‘9) shov/ed for a montmorillonite-artificial seawater system that K f 
was enriched in the outer solution by per 1|-0C temperature change.
Bischoff et al. (1970), by squeezing sediments at room temperature and
0 -f-at 5 C found a similar relationship for K and Cl ; and smaller reverse 
effects on Ca .
4. Pressure effect; The effect of change in pressure between deep
sea floor and laboratory on cation exchange relations appears to be
negligible (home et al., 1964). In the case of a synthetic ion exchange
4“ H"resin, pressure exerted no discernible influence on K to H , exchange; 
but for the exchange pair Si , H th8‘ resins preference for the more 
highly charged ion increases by about J/o at 1,000 atmospheres. This 
increase was attributed to the greater importance of pressure-induced 
dehydration on the initially more heavily hydrated ion (Horne ejb al.,
1964). The maximum pressure on sediments o f  the deep GYilf o f  Mexico v.nuld
be 300-400 atmosphere.
5. Solution of solubla minerals; Equilibrium between outer solution 
and precipitated minerals will be disturbed by dilution, and dissolution 
of the minerals could occur; the extent depending on the kinetics of 
the reaction.
Interstitial Solutions Obtained by Squeezing
The literature reveals two schools of thought on the effects of 
squeezing on the chemistry of extracted solutions. One group of 
researchers propose that tho chemistry of solutions is not changed with 
changing extraction pressure, provided a threshold maximum pressure is 
not overstepped; the other group presents evidence that the chemistry of 
the extracted solution changes continuously with extracting pressure.
Belonging to the former group arc Kryukov and Zhuchkova (1962, p. 
68, figure reproduced in Chillxngarian and Rioke, 1969); Kryukov and 
other co-workers cited in Hanheim (1966); and Fianheim (1966). Their 
results may be attributed to too high starting pressure (280 p.s.i. for 
Manhcim, 1966) or using kaolin!to type clays.
Nevertheless, von Englehardt and Gaida (1963) using pressures 
between 440 and 96,000 p.s.i. "found no concentration of pore solution 
in the course of all the experiments with kaolinite clays, but 
defiaite changes with montmorillonite clays".
Reike et al. (1964) and Chillingarian and Rieke (1968, 1969) found 
regular decreases in the concentration of chloride, sulfate, sodium, 
calcium and magnesium during increasing pressure of ectraction; and in 
some cases a viide range of concentrations for a given pressure. Their 
experiments were carried out with sen water saturated montmorillonite.
Chillingarion and Rieke (1968) conclude that, possibly the oriented water 
begins to be squeezed out at pressure ranging from 40-1,000 p.s.i., 
depending on the type of clay. It is in this pressure range that the 
chemistry of squeezed out solutions changes appreciably. They interpret 
all the evidence ns suggesting "great care should be exercised in studying 
the chemistry of interstitial solutions in marine muds . . . inasmuch as 
various investigators have used different pressures in squeezing 
interstitial solutions out of marine muds, their results should be 
examined with care."
Recent researchers have shown a tendency to use 1,000 p.s.i.
(70 kg/cin^): Presley et al. 1967a, 1967b; Presley and Kaplan, 1968;
Brooks et. al. 1968; and Friedman and Gavish, 1970 used the same typo of 
squeezer as Presley jet al. (1%?) and presumably the same pressure, 
although it is not stated. Siever ot al. (1965) used a squeezing pressure 
of 150 p.s.i. (21 kg/cm2).
Procedures Other Than Squeezing ox* Washing
Soil scientists use either suction or centrifuge vrashing teclmiques 
for outer solution extraction from soils. In general, they attempt to 
standardize procedures because soils, unlike most marine sediments, are 
not in a constant state of saturation and because of the general 
realization that different amounts of "soluble salts" are extracted with 
varying (soil/water) rati os (e.g. Jackson 1958, p. 82, 254, Richards 
1954). Dobbins et al, (1970) used a suction technique for eotuarine 
sediments.
Criteria for Inner-Outer Solution Definition
Experimental and field researchers of marine sediments have tended 
to ignore or misinterpret Donnan equilibrium. Engolliardt and Gaida (1962) 
supposed that "if the solution contains an electrolyte, the liquid 
immediately surrounding the individual particle willcontain less 
electrolyte than the solution far from the double layer. Chillingarian 
and Kieke when interpreting Krynkov and Suchkova 'a (1962) curves suggest­
ed that "the last adsorbed waters squeezed out of sediments are poor in 
electrolytes."
This interpretation may ho partly true, in that, perhaps under
pressure, some of the outer adsorbed water layers become depleted in
ions, if the ions are more mobile under these conditions than water.
It is almost certain, however, that the inner layers of adsorbed water,
and at least the stern layer of adsorbed cations have not been removed
by pressure. ■ Van Olphen (1962) estimates the minimum compacting pressure
/ 2to remove the last two layers of water at 2,400 and 5,200 kg/cm .
No workers have yet extracted the true exchangeable cations after 
squeezing to compare the inner and outer solution populations. Most 
studies have a dilution step preceding the exchangeable cation 
extraction (e.g. Carrol and Starkey, 1960, McCrone 1967, Dobbins 1970, 
Russell 1970).
Centrifugation processes in experiments with soils, using dilute 
solutions and relatively high (water/soil) ratios, have given good 
definition of inner-outer solutions. The most convincing evidence is 
Ericksson’s (1952) treatment of Krishnamoorthy and Overstreet’s (1949)
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data, and the work of Shainberg and Kemper (1967).
The approach of Mangelsdorf et al, (1969) raay be the most woeful 
and accurate way of defining in situ concentrations. Sediment samples 
without soluble minerals aro required. This approach involves diluting 
several aliquots of a mud sample with increasing amounts of distilled 
water. In situ concentrations are then determined by extrapolation to 
the in_ situ water content. Their figure 2 suggests the relationship of 
log (waterpediment) to log (concentration) is linear; and incidentally, 
the figure is an excellent illustration of the dilution effect on marine 
sediments.
Conclusion
Methods exist for relatively accurate laboratory definition of inner 
and outer solutions. Experimental and theoretical evidence (hiklander,
196d) indicate extraction involving a single dilution as opposed to the 
multiple dilution technique outlined above, either prior to or as an 
integral part of the extraction process, do not define in situ inner and 
outer solutions.
Once reliable in situ data is obtained, it may be reconciled with 
existing theoretical models or used to propose new ones. Several methods 
exist for predicting ion exchange equilibria. The thermodynamic equation 
of Gains and Thomas (1953) offers one line of approach (see llutcheon, 1966 
Deist and Talibudeen, 1967). The other line of approach is mass action 
models vis. Donnan equilibrium theory or its modification by Shainberg 
and Kemper (1967). These authors proposed a model in which the equilibria 
bet’ween the stern layer and the diffuse layer of the inner solution are
oo
considered, as well as the inner-outer solution equilibria, 
obtained good agreement with experimental results.
They
PORE SOLUTIONS IN THE' GULP OP MEXICO 
SURFICIAL SEDIMENTS
Pore solutions in the deep Gulf of Mexico surficial sediments were 
investigated for indications of possible diagenesis. Ramifications of 
the theoretical treatment of pore solutions in the previous chapter are 
examined with respect to the data. A case is developed for the possible 
diagenetic transformation of smectite to chlorite in these sediments.
Type of Data
Because no in situ pore water determinations were made on the samples 
used in this study, concentrations must be expressed in moles/lOO g dry 
weight sediment (10!3°C). The Dorman equilibrium model implies that the 
wash solution and NH.OAc leachate do not reflect in situ parameters. The 
concentrations of ions measured in these solutions represent ceratin 
laboratory conditions which, individually, cannot bo related to sediment­
ary conditions. The inner and outer solution ions in the sediments are 
partitioned according to certain equilibrium conditions. The laboratory 
extraction procedures have partitioned these ions in such, a way.that they
I
cannot be calculated back to in situ inner and outer solutions by any 
existing theoretical approach. Nevertheless the sura of the concentrations 
of a given ion in the wash solution and in the liK^OAc leachate is equal 
to the sura of the concentx’ations of that ion in the inner and outer 
solutions (concentrations in moles/KX) g sediment). The sum of these sol­
utions is termed here, the total pore solution.
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Significance of the Wash Solution
and NH. OAc Leachate 
 _
The wash solution and Nfl^OAc leachates vjere analysed separately in 
order to examine their relationships to the Donnan equilibrium theory 
and the mineralogy of the samples. The Donnan theory predicts a net 
migration of ions out of the inner solution on dilution (washing), plus 
a cation selectivity effect. The cation affinities ox various clay minerals 
for different cations (Dolcater et ah, 196?) suggests they modify 
further, the rearrangement of ion ratios on dilution.
The dilution effect predicted by Donnan equilibrium theory implies
that
(K •<- Na. + Mg + Ca) wash solution__
(K + Na + Mg + Ca) NH^OAc leachate
(K h- Na + Mg + Ca) outer solution (in situ)
(K + Na -f Mg + Ca) inner solution (in situ)  ..........(16)
where the concentrations are expressed in rao3.es per 100 g of sediment.
If the general mean values for the Gulf of Mexico sediments are substituted 
in the left hand side of equation 16, the ratio is 4.45. The probably 
inflated value for Ca in the NH^OAc leachate may have decreased the ratio 
a small amount. This ratio implies that at dilution, about twenty percent 
of the ion popxilation in pore solutions is adsorbed to the exchange phase; 
and this is a minimum value. Under the actual sedimentary conditions 
i.e. in concentrated solutions, the proportion of the ion population con­
trolled by the inner solution will be considerably higher and could be 
dominant. Certainly the content of the inner solution in pore waters in 
marine sediments is too significant to ignore.
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Dorman theory predicts a cation selectivity effect associated with 
dilution. It implies that K and Ha should move preferentially to the 
outer solution and Ca and Mg to the inner solution. The following ratios 
of the general means of the wash solution concentrations to the KII^OAc 
leachate concentrations in the Gulf of Mexico sediment pore waters are in
J -  v J -accord with this prediction: Na - 39 = 6; K = 2.1; (l"ig)‘! ~ 0.74; (Cap =
0.60. The ratios are also to be expected from consideration of the 
general lyotropic series.
Correlations between Mineralogy, and 
Pore Solution Chemistry ,
Correlation coefficients were determined for pairs of m.ineralogical 
and pore solution parameters, and various parameters calculated from 
these measurements (Appendix 9).
A calculated cation exchange capacity (CEO) was derived from the 
sum of products of mineral percentages and an average GEC for the 
respective minerals. Cation exchange capacities in milliequivalento per 
100 g used are: smectite 100; chlorite 40; illite 40; kaolinite 4= These 
were chosen as approximate averages of the CEO ranges summarised by Grim 
(1968).
Mineral percentage: values included in the correlation matrix were 
calculated on a six mineral basis, a carbonate-free basis and a clay- 
minoral-only basis. Because calcite and quarts male© little oi* no contribut­
ion to the CEO of tho sediment, the clay mineral basis may be argued as the 
most appropriate. On the other hand, the pore solution is in contact with 
all minerals in the sediment, so that an argument may be made for a six 
mineral basis. Therefore all three types of data were included.
The measured concentrations of K, Ha, llg, Ca, Cl amd SO^ in the
wash solutions and MH.OAc leachates, and their combined values (total4-
pore solution), all expressed as moles/100 g sediment, were included in 
the correlation matrix,, Also included were the following calculated 
parameters for each of the three types of solution: K/ci, Na/Cl, l;g/ci,
Ca/Cl, b'O^/Cl, K/li&f Kg/Ca, K+Na/hg+Ca, K+K’a+Kg+Ca/C1, K+Na/(Mg+Cn)‘i, 
K(l'Ig+Ca)*̂ , Na/Hff^a)^-
The correlations of the mineralogy with the wash solution and 
NifjOAc leachate were made to examine cation affinity effects. Correlations 
of the mineralogy with the total pore solution were made to examine in 
situ relationships.
Comparison of Total Fore Solutions 
with Sea Water
Ion ratios in sea water and the total pore solution in the deep 
Gulf of Mexico are compared in Table 2. The ion ratios are higher in the 
total pore solution for every ratio. The value of 7.3 for the ratio of 
Ca/Cl in the pore solution to Ca/Cl in the sea water nay be unreliable 
because of dissolution of calcite by ammonium acetate in spite of the 
correction applied to account for such dissolution. The value of 1.7 
for the ratio is obtained comparing only the wash solution to sea v;ater. 
This represents a less than minimum value, as Ca should move preferentially 
to the exchanger phase on dilution.
The K/ci ratio in the total pore solution is very high. Most 
researchers of marine sediments have reported K as being the most 
enriched element in pore waters. For example Bischoff and Ku (1970)
Table 2. Comparison 
with the
of ion ratios (moles/mole) 
se in seawater.
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General Mean of Total 
Pore Solution of Gulf 
Surficial Sediments
k / c i 0*018 0*078 4.32
Na/Cl 0*858 1*086 1.27
Ng/Cl 0.098 0*165 1.69
Ga/Cl 0.019 (2)70.137 
0. 0 3 2 ^
?7 . 3 2 ^  
1 * 7 3 ^
K/Wa 0.021 0.072 3*40
so./ci 0.052 0.050 0.97
(1) from Krauskopf (1966)
(2) Vali 10 may bo inflated by solution of ealcite by MH^OAc
(5) Minimum value provided by considering wash solution concentration 
only*
reported an average of 4-19.9/* increase (on a per m l  basis) for K as 
compared with sea v/atcr and on average decrease of 9.4 and 4.4/5 for 
Kg and Ca respectively in cores from the deep Atlantic. Their values 
have not been corrected for the temperature effect (Biochoff ot al,, 1970, 
Kangalsdorf ct al., 1969) and any selectivity caused by pressure 
extraction has not been assessed. The values of the ratios in the 
third column of 'fable 2, and the discussion above of the nature of pore 
solutions in clayey sediments in general, certainly underscore the 
warning of Chillingarian and liioko (1968) that great care should be used 
in interpreting the results of investigations of pore solutions of 
marine muds.
Three mechanisms could conceivably contribute to the enrichment of 
K, Ha, Mg and Ca in the total pore water as compared with sea water.
These are: (l) solution of detrital minerals, (2) adsorption by clay 
minerals, (3) dissolution of underlying salt bodies.
Solution of Minerals.
The dissolution of K-feldspar could not possibly account for more 
than a very small percentage of the 1C enrichment. If K-feldspar formed 
10/o of the sediment originally, and was completely dissolved, it would 
contribute 0.04 moles of K per 100 g of sediment. This is insignificant 
compared with the general mean of K in the Gulf su.rficial sediments of 
5.18 molcs/100 g sediment. The possible contribution of Mg to the total 
pore solution by dissolution of heavy minerals can be ruled out on 
similar grounds.
Huong and Goodell (1970) suggest that carbonate is dissolving in 
the deep Gulf. Their basis for this is the formation of .layered 
structures similar to those observed in Mississippi Gone sediments during 
leaching experiments. They cite pH measurements in the sediments as low 
as 6.9 as supporting evidence. Decomposition of plant remains is suggested 
as a source of nitric and hunic acids. Their suggestion of carbonate 
dissolution is not supported by other considerations.
The lowering of pH measurements in sediments by the "suspension 
effect" is notorious (e.g. Garrels and Christ* 1963, p. 1j50-131)»
Tho correlations of high carbonate zones within cores from the Gulf with 
warm water zones determined by carbonate isotope ratios (Parker and Plucke-r 
1970) suggest the non-carbonate zones are a function of cold water condit­
ions and not dissolution, 'Smith et al. (1 lj6B) suggest that solution of 
carbonate in the marine environment may be prevented or inhibited by 
adsorption of organic molecules. Consequently the case for dissolution 
of carbonate in the deep Gulf remains in question.
Adsorption by Clay Minerals
The question of whether clay minerals in the marine environment 
adsorb a significant amount of cations, thus enric.Jiing the total pore 
solution, is not in doubt. The pertinent question is whether their cation 
affinities can act so that they control the composition of the total pore 
solution. A significant amount of a clay with a relatively high CBC, and 
a strong affinity for a particular cation in solutions at sea water 
ionic strength and composition, will adsorb a large amount of that ion. 
Thereby, the inner solution will bo enriched in that ion, and by the 
requirement of Donnan equilibrium (or a related more appropriate model),
the outer solution will be likewise enriched. The above argument assumes 
an open system between the pore solution of the surficiul sediments and 
sea water, which is reasonable.
The correlation between chlorite and K / c i  in the total pore solution 
may reflect the above adsorption effect. There is a case which is 
discussed below, for the chlorite in the sediments being newly formed; and 
there is evidence suggesting newly formed chlorite may have a high ChJCf 
(95 meq/100 g) (de Villiers and Jackson, 1967)* The significant corre­
lations of chlorite percentages with It/d and K may also mean that, if the 
chlorite in the Gulf of Mexico surficial sediments is newly formed, and 
if it has the high CEG that de Yilliera' and Jackson's (1967) evidence 
suggests it might, then much of that CSC may be directed towards K. In 
other words, it is possible that the correlations between chlorite and K 
could be due, at least in part, to chlorite having a high CEG and an 
affinity for K.
Illite percentage when calculated on a six mineral basis .... 
shows significant correlations with K/CI and IC/lia. Polcater et al. (196?) 
found that muscovite has a preferential affinity for K (Mg<Ca<5r<K<Ba) 
in a sodium chlorite solution. Chlorite and illite, when their percentages 
are calculated on a six mineral basis also have a significant correlation 
with Mg. Furthermore, distribution maps of K/ci and Mg/C1 (Figs. 15*16) 
and the negative correlation of calcite with these variables, imply the 
changes in those variables may be associated with the clay mineral content 
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Dissolution of Underlying Salt Bodies
The distribution of salt beneath the sediments of the Gulf of 
Mexico makes the possibility that the pore solutions of deep Gulf of 
Mexico surficial sediments are being affected by the dissolution of salt, 
a very real one. Antoine and Eryant (1969) propose on the basis of (l) 
the abrupt end of diap.iric salt structures near the sigsbee scarp, (2 ) 
the evidence that the Sigsbee scarp is the frontal ridge of the northern 
Gulf salt system, (5) the restricted distribution of the Sigsbee knolls 
and (4) the results of the seismic survey reported by de Jong (1968), that 
the LouannSalt does not underlie the entire Gulf of Mexico. They nap the 
edge of salt underlying the Gulf sediments in a semi-circle from the 
Sigsbee knolls clockwise about the edge of the Shelf (Fig. 17).
Lekner (1969) reported that most salt structures on the continental 
slope form sea knolls or seamounts with elevations as much as 5,000 feet 
(1524 m). He suggests the diapirs parallel with the scarp seem to be ridges 
that may have played a role in the building of the continental borderland 
by retaining sediment moving from the continent towards the basin. He 
further reports that the salt pilloA-rs on the lower slope reach a common 
elevation and create a flat terracc-like topography. Salt tops as close 
as 200 m below ocean bottom appear common.
Amery (1969) presents a sparker profile across the Sigsbee scarp which 
shows an interval with an anomalously high velocity which is interpreted 
as salt extruded a distance of 10 kn over flat-lying beds south of the 
scurp. He relates the c xtrusion and topographic form of the scarp to 
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Fig* 17: Offshore distribution of salt within Gulf of Mexico basin
(shaded area) and onshore distributionjas shown by Murray (1966; cross- 
hatched area). Dashed area represents boundaxy of knolls and domes on 
abyssal plain and in Day of Campeche as surveyed by Worse 1 et ai. (i 963) ® 
(Antoine and Bryant, 1969)« (Reproduced by permission)*
sedimentary wedge. The wedge of the salt has a thin sediment cover of 
200-300 m,
Kanheim anti Biachoff (1969) raade a calculation of diffusion from a 
point of IfeCl saturation through pore waters and compared their results 
with squeezed pore solutions from a core-hole that penetrated a salt 
dome. They drew the following conclusionsi
(1) Poorly consolidated sediments of the type encountered on the
Gulf of Mexico slope permit migration of salts at rates controlled by
G 2diffusion coefficients of the order of 4x10 cm /sec; membrane or other 
properties of the sediment do not substantially interfere with the salt 
movement. The diffusion constant is one found experimentally by Oknina
(1963).
(2) Bulk fluid movements, though they probably exist, do not appear 
strong enough to overshadow effects duo to molecular diffusion.
(3) The presence of salt stocks should be predictable by analyses 
of squeezed pore water chlorinity in relatively shallow cores. For 
Pleistocene intrusions (less than 2 million years old), the predictive 
radius below deepest analytical information probably roaches 400 in, wherea 
for older intrusions the radius way be greater.
They noted high K/CI and Br/ci ratios and suggested dissolution of
to*
late stage evaporites may account for this.
The distributions of K, Na, Mg, and Cl in the total pore solution 
are shown in figures 18, 19, 20 and 21 respectively. The isopleth values 
were determined by Duncan's new multiple range test as described for the
mineral distribution maps. When concentrations are expressed in this 
manner, then, for a given solution concentration, the higher the porosity 
the higher the moles/100 g sediment. Thus, porosity gradients must have 
a strong influence on these distribution patterns, nevertheless, the 
patterns are sufficiently different in many respects not to dismiss them 
completely as only porosity patterns. Comparisons with the water content 
determinations of Trask (1953), in the area west of cJO°\I and north of 
25°N, does not help. His contour interval is 50;̂  water content, which is 
too insensitive to assess the porosity effect in figures 18-21.
The concentrations of Kg, Na, and 01 over the approximate area of 
the Sigsbee knolls are high. These areas of high concentrations 
continue clockwise around the southern, western and northern margins of 
the deep Gulf with an interruption by low concentration areas south of the 
Texas coast. Are these porosity patterns or are they, in fact, high solut­
ion concentrations associated with diffusion from salt intrusions ringing 
that same part of the- G-ulf? Although, scepticism is understandable and 
perhaps advisable, some consideration to the salt leakage forming a high 
pore solution "background" concentration in the Gulf sediment may be 
warranted. If the pore solutions are being affected by dissolution of salt, 
conditions in the deep Gulf of Mexico sediments are not ideal for 
generalisations with respect to this aspect of "average sediments" in the 
Geologic column.
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Fig. 18: Concentration of K in millimoles per 100 g of diy
weight sediment in the total pore solution which includes exchangeable
cations
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Fig. 19: Concentration of Na in millimoles per 100 g of dry weight
sediment in the total pore solution which includes exchangeable cations.
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Fig. 20: Concentration of Mg in millimoles per 100 g of dry weight 
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Fig. 21: Concentration of Cl in millimoles per 100 g of dry weight 
sediment in the total pore solution whioh includes exchangeable cations.
THE CASE FOR DIAGENETIC CHLORITE
The case for diagenctic chlorite forming from smectite in the 
surficial sediments can be summarised as:
(1) The distribution pattern of chlorite is not readily explainable 
in terms of differential settling.
(2) Chlorite and smectite percentages have a highly significant 
negative correlation coefficient (Appendix 9) which might imply that 
chlorite is forming at the expense of smectite.
(j) The fine clay size fraction (lesc-than-O . 2-mi crons) of one core- 
top sample consists of chloritet, smectite and some illite.
(4) The positive correlation coefficients between chlorite and K in 
the wash solution, IJH.OAc leachate and total pore solution allow the possib- 
ility that chlorite has a relatively high CEO and a specificity for K; 
newly formed synthetic aluminous chlorite and pedogenic chlorite have been 
shown to have a high CEO as discussed above.
(5) Compared with sea water, Mg/C1 ratio is high in the total pore 
solution.
(6) Experimental studies have succeeded in producing chlorite from 
smectite,.
While the lack of explanation for the chlorite distribution pattern 
by differential settling is negative evidence, it at least leaves open 
the possibility of diagenesis. Hot all the chlorite in the surficial sed­
iments need be diagenetic for the negative cor. ations with smectite to
occur (Appendix 9). Only a relatively email percentage of the smectite 
need transform to chlorite to bring about the negative correlation. Much 
of the chlorite in the deep Gulf is very likely detrital, particularly 
that in the larger grain sizes.
Smaller particles have larger surface areas and are more re;active 
chemically. Therefore if the diagonetic transformations of smectite to 
chlorite occurs, it should happen preferentially in the smaller size 
range. The fine clay fraction (less-than-O.S-nicrons) of two aliquots of 
core 13 consisted almost entirely of smectite and chlorite. A minor 
peak at 10il suggests the presence of a minor amount of illite.
Newly formed synthetic and podogenic chlorite have been shown by 
de Villiers and Jackson (196?) to have- a high CEO (95 meq/l). The 
correlations between chlorite and K in the wash solution particularly, and 
also in the NK^OAc and total pore solution also, are consistent with 
chlorite controlling, to some extent, the exchange behaviour of K.t
In order to do this, a relatively high CSC would be necessary for the 
chlorite in the surficial sediments.
The transformation of smectite to chlorite involves the formation 
of an interlayer hydroxide sheet (brucite-like) between the expandible 
layers of the smectite structure. Various earlier researchers have suggest-* 
ed that smectite may alter to chlorite (Grim et al., 1949, Grim and Johns 
1954, Slaughter and Kilne 1958, Bradley 1963). V/hitehouse and. McCarter 
(1958) placed montmorillonite material in artificial sea water, free of 
SiO^, for periods of six months and five years. Periodic anodynes of 
the solids showed that chloritic and illitic clay types developed from the
inontmorillonite material.
More recently, Cara tea et, al. (1970) produced bydroxy-% layers 
in montmorillonite and vormiculito by adding 0.08 mole MgCl^/lOO g and 
various amounts of NaOH to give wide range a of pH. Stable hydrozy-Iig 
interlayered Material resulted from ten days equilibration at pH 10.4.
A small amount of loss s table intcrlayor material formed in ten days in 
solutions in the pH range between 6.8 and 9.8. Various other researchers 
have successfully synthesized chlorite from iaontiaorillonite (Rich, 1968, 
Sawhney 1968, Gupta and iialik, 1969a, b).
The diagenetic formation of chlorite from smectite in the Gulf 
of Mexico sediments can be considered by no means conclusive. Nevertheless 
the accumulation of the various pieces of evidence discussed above makes 
the process a strong possibility.
The formation of clay minerals from x-ray-amorphous alumini.silicate 
material or gibbsite offers another diagenetic mechanism (Moberley 1963, 
Mackenzie and Garrols 1966a, 1966b, Swindalc and Fan 1967, Moberley et al. 
1968). The possible diagenetic transformation of smectite to illite 
appears to be a later stage deep burial process whose rate is controlled 
by temperature (lorry and Hower, 1970). These diagenetic mechanisms 
cannot be evaluated in terms of the data in this study.
COHC LUSIOIJS
The conefusions nre dealt with in four categories: methods,
mineralogy anu mineral distribution patterns, pore solutions and 
geological implications.
Methods
The equation used for converting x-ray diffraction peak'intensities 
to weight percent offers several advantages over constant weighting 
factors. The use of peak intensity ratios reduces orror due to inconsisten­
cies in sample preparation and instrumental response. 'Die calculation of 
interaction coefficients takes into account the effects of percentage 
variations of all minerals on the peak intensity of any given mineral 
in the assemblage.
The use of this equation, and the recognition of a peak intensity 
effect from different thicknesses of sample on sample mounts, increases 
precision of mineral weight percent determinations by x-ray methods. This 
enhances the ability to detect statistically significant differences between 
sediment samples. A more sophisticated approach to the determination of 
interference coefficients vri.ll probably increase the accuracy of the 
method. The blend approach (lloore, 1968) is the most obvious refinement.
If interferences in x-ray diffraction peak intensities can be 
compensated by such calculation, the separation of the less-than-two-
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micron fraction to study the minerals could bo eliminated. •In this 
study comparisons of the data obtained for the bulk sediments and for the 
less-than-two-rnicron fraction support the idea*
The statistical degree of conficence that can be placed on results 
more than justifies the extra time involved and fewer results obtained in 
the practice of dividing samples into aliquots and processing them 
separately. This practice is not common in geological research. The 
elimination of an area of uncertainty by determining experimental error 
recommends it.
In analyses of interstitial solutions by atomic absorption 
spectrophotometry, matrix interference nay be a problem. Working curves 
generated from some of the samples by the method of additions provides a 
convenient solution to the problem (Appendix 10).
Duncan’s new multiple range test provides a useful tool for* 
statistically defining significantly different areas in data from a 
number of sampling stations in a given area. Isopleth values determined 
by this tes't have the advantage of a degree of confidence associated .with 
them in defining areas of difference, for imprecise data, arbitrarily 
chosen contours may not define areas that are different.
Hlner/.Q.o/y and Mineral Distribution Patterns
Six major minerals can be recognised on x-ray diffractograms of the 
sediments of the deep Gulf of Mexico. These, and their approximate 
(see discussion above) average weight percent in the bulk sediments, con­
sist of illito 26>o, calcite 23>» quartz 19/”, smectite 15& chlorite 1<$ and
kaolinite Tj&« Quartz and calcito make up much smaller percentages of the 
loss-than--two-micron fraction. Accessory minerals also recognisable 
include feldspars, hornblende, ?epidoie, ?apatito, ?aragonito, Tgibbsite.
Analyses of variance of the quantitative raineralogical data show that 
significant differences exist between stations. The exceptions are 
smectite, chlorite and quarta in the losa-than-two-micron fraction. This 
detection of mineral gradients is in contrast to two recent studies.
Scafo and Kunze (1971) found no gradients, but had only six cores, four 
from the deep Gulf. Huang and Goodell (1970) found no gradients on 
the Mississippi Cone. Their insensitive x-ray diffraction procedures 
and invalid statistical techniques readily explain the contrasting results.
The increasing carbonate content southvrostward across the Gulf has 
boen attributed to the increased planktonic production and decreased 
detrital dilution and possible transport of carbonate material fx'om 
the Caribbean. Mass movements from the carbonate Campeche Banks may 
further enhance this gradient (Davies and Moore, 1970) but no sediments 
of such origin wore recognised in this study.
The quartz inputs of the Mississippi River and Texas Rivers are 
clearly recognisable. The true distribution patterns of the clay minerals 
are masked by the wedge of high carbonate sediments north of the 
Campeche Bank. On a non-carbonate basis there is good agreement between 
the bulk sediment analyses and those of the less-than-two-micron fraction.
In the illite pattern high values reflect the input source of the
Mississippi and Rio Grande Rivera, and perhaps the liinterland of the Bay 
of Campeche, Similarly, high kaolinite values reflect the input source 
in the north east Gulf of the Apalachicola and related rivers; and suggest 
northern Mexico as a provenance for kaolinite. The inputs of the Mississ­
ippi River and the Texas Rivers are reflected by the low kaolinite values. 
Neither smectite not chlorite reflect sources.
The mineral distribution patterns arc caused by differential settling. 
Illite and kaolinite reflect their inputs because they settle more 
quickly. The more slowly settling smectite has time to be distributed by 
currents so that source patterns arc effectively smudged out. No data 
is available on the chlorite settling rate. Its amorphous pattern may be 
due to the following: slow settling; the small percentage it constitutes
of the sediments; diugo.notic formation, perhaps from smectite; or a 
combination of these factors.
Smectite and chlorite are the dominant minerals in the le3a-than-tv? 0 - 
tenths-micron fraction of one core. This leaves the possibility of 
diagenocio open. No other mineral distribution patterns can be interpreted 
in any way in terms of diagenesis.
Pore Solutions
A review of the literature on th,g pore waters of marine sediments 
reveals a need to consider equilibria between micella!* and intomnicollar 
solutions. This has been ignored or misinterpreted by most researchers 
of interstitial water.
Extraction procedures involving dilution of the so dime nt-wate r ratio
alter the in situ compositions of the micellnr and intermicellar 
solutions. The chemistry of squeezed out solutions has not been 
considered in terms of Donnan Equilibrium. Evidence of other workers 
suggests that the chemistry of squeezed out solutions changes with 
squeezing pressure.
Experimental work needs to be done to reconcile the chemistry of 
extracted solutions with existing or modified, equilibria theory. Donnan 
theory and existing thermodynamic models are available for theoretical 
treatments. Procedures of extraction may then be standardised on a 
theoretical-empirical basis; or at least it might be shown that the 
prevalent arbitrary method of squeezing at 70 kg/cm is a fair enough 
approximation to the outer solution.
Solutions obtained by washing sediments in distilled water and 1W 
ammonium acetato do not represent .in situ conditions in marine sediments 
because of dilution and cation selectivity effects. Relative concentration 
of K r Na, Mg, and Ca in such solutions obtained from the Gulf of Mexico 
surficial sediments are in accord with cation selectivity effects 
predicted by Donnan equilibrium theory.
The proportion of ions in the inner (adsorbed) solution of the 
Gulf surficial sediments is a minimum of 20$ of the total pore solution, 
and may be significantly higher. The total pore solution, which includes 
the adsorbed ions, has K/Cl, Mg/d, Ife/Cl, Ca/Cl ratios greater them 
sea water. These x'atios are 4.32, 1.69, 1.27 and 1.73 (minimum) 
respectively, times greater that the respective seawater ratios. These 
enrichments can be attributed, at least in part, to the contributions
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of the adsorbed, phase. Solution of feldspar and heavy minerals could not 
have produced these enrichments.
Dissolution of salt bodies could be contributing to the increased 
concentrations of the pore solutions of K, Na, Mg and Cl expressed in 
(milli~moles/l 00 g sediment), figures 10-21 show a coincidence of high 
concentrations with the salt distribution in the Gulf. Unfortunately, 
the true relationship is not clear because porosity affects concentrations 
expressed in milliinoles-100 g sediment.
A case can be made for the diagenetic transformation of smectite to 
chlorite. Information in favour of this phenomenon includes: highly
significant negative correlations between smectite and chlorite percentages; 
the presence of chlorite in the less-than-two-tenths-micron fraction; 
significant correlation coefficients between chlorite and K in the wash 
solution; NH^OAc leachate and total pore solution allowing the possibility 
of a high CMC which has been shown to apply characteristically to newly 
formed synthetic aluminous chlorite and pedogenic chlorite; high Iig/Cl ratio 
in the total pore solution compared with seawater; the production of 
synthetic chlorite from smectite under a wide range of experimental 
conditions.
Geological Iiaplicatlons _
The study of modern mid. recent sediments provides insights mid 
knowledge about processes in ancient rocks. Tho application of such 
knowledge to formulate hypotheses about tho past is the embodiment of the 
scientific method.
In studying Recent clayey sediments, the traditional practice of
separating the less-than-two-micron sine fraction limits the comparison 
of the results with ancient sediments. With even a minimum of induration, 
this size fraction cannot be separated reliably. The method of 
quantitative x-ray diffraction analysis of the bulk sediment, developed 
in this study, greatly broadens the scope of Recent to Ancient comparison 
in fine grained sediments.
The demonstration that complex directional properties can be 
determined by thorough quantitative analysis of fine grained sediments 
offers a widened scope for the reconstruction of basin history in sediment 
columns with thick chalo sequences. Host directional properties are 
determined in sandstones. Directional properties determined in the 
intervening shales could provide an additional frame of reference for 
paleoleography, tectonism and basin history.
The success in elucidating mineral source patterns with one sample 
to about every 10,000 square miles in the deep Gulf of Mexico suggests 
that, in similar ancient depoaitional environments, even regional 
sampling- could provide valuable information. This is the kind of sampling 
frequency commonly provided by widely spaced oil exploration wells.
Diagenesis, presumably, can alter radically the mineral composition 
in a rock body between its time of deposition and its lithification. 
Directional properties determinable on a mineral percentage basis may be 
obscured, and the important basin analyses tool, suggested above, invalid­
ated. For this reason, among others, it is necessary to attempt to 
unravel the mechanisms of diagenesis. Perhaps the reorientation of the 
approach to the study of early diagenesis in clayey marine sediments that
has been proposed in this study will make a small contribution in that 
direction.
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Appendix 1
Core and Station Numbers and their 
Water Depths and Coordinates
Core No. Station No. Depth (meters) Latitude Longitude
t 28 3370 o '23 40 o *84 4 0
2 38 3420 o v 25 29 84°55.5
3 8 3290 24°32.8 * 85°40.5
4 40 3210 o 125 05 86°02„1
5 4 2985 26°17.1' Q7°00.1
6 54 2805 26052.2* 87°24 «0
7 67 2400 28°30«6 * 87°39»2
8 62 2805 27°55.a‘ 87°20.7
9 52 3160 27°1 85°26.8
10 47 3233 26°35' O *86 25
11 43 3541 o * 24 17*1 88°28»5
12 44 3505 24°50„5' 88°37o1
13 57 3105 25°57' 89°03.9
14 84 3573 o f 25 11.0 89°38.0
15 150 2127 26°28* o 191 28
16 60 2863 “ 26°34.8f o 189 18
17 68 3440 o *28 15 o '83 22
18 26 3430 24°08c0f 85°16.1
19 83 3572 24°29.7* 89°30.9
20 87 3685 23°32# o '91 28
105
Appendix 1 (continued)
Core No. Station lfo. Depth (cetera) Latitude Longitude
21 91 3760 o ’23 27 o *93 11
22 93 3762 24°04.o‘ 93°12*
23 94 3749 o e 24 14.7 92°15'
24 96 3706 o 124 50 o 193 12
25 97 3408 25°37' o '93 12
26 99 2383 25°53* o *92 23
30 147 1086 o *25 42.5 o *95 56
31 114 1626 25°29a9* 95°23.5
CMt*"\ 115 3576 24°59.9* 95°00.9
33 123 0046 23°25.o' 97°36.0
34 124 1827 o '23 15.9 o 196 45
35 120 2537 23°17.9' 96°10.8
36 118 3450 o '23 17.8 95°15.2
37 125 1245 o *21 50 O f96 58
38 127 3360 o *21 18 o *94 23
39 139 2462 o *20 30 o *92 37
40 138 1711 20°31.5* 93°13.4
41 136 1215 19°58.9' o '93 15
42 135 580 19°33.5* 93°17.9
43 131 2001 o 1 20 11.2 95°59.3
44 129 3108 20°56.7' 95°05c7
45 141B 3169 o 1 21 23.7 93°27.9
Appendix 1 (continued)
Core No. Station No. Depth (meters) Latitude Longitude
46 145 5593 21°54.o' 93°20.8
47 144 3720 22°40.3' o * 93 13
48 146 3755 o e 23 22.9 94°25.0
49 92 3750 o *24 14.1 94°20.5
50 111 2450 o *26 19 93°18.3
51 102 379 o *27 54 93°12„5
52 108 1796 26°59.7' 94°18.7
Dredge 88 83 22°37.6' o '91 48
Dredge 155 155 3500 24013.5’ 88°25.7
approx.
Appendix 2
Equations for the Calculation of Mineral Weight 
Percentages from X-ray Peak Intensities
The following are the pertinent equations for the calculation of 
mineral percentages from x-ray diffraction peak intensities by the 
method of Moore (1968). These equations apply here to a sis: mineral 
(or fewer) assemblage of Illite (subscrl.pt L), Smectite (k), Kaolinite 
(K), Chlorite (Cl) , Calcite (d) , and Quarts (q).
X- — 90 *b 0 C. 6 ttMMItlMtOOOKIIIHHttlltltttXtlXllttt (2 (V 1 )
JJ
X|» — 200 4" 5#18W (2.2)
1 40 "I" 2 <1OOW (2c1 p)
*70 t 0«1 9̂ 1 cnco»c«Qoi>c««e«e«BCCBftca»c0Oba»«aftaB4««cc6co (2o4)
Ic —  21
X/s —- *f“ 5c 3^ V7 oooor»oe>04C<i<»trt‘O«<>0&ee«c606ec>«'a*OAa8>9O*fi'i>*0<s ( 2 o 6 )
I?, where x =* L* H, K, Ch, C or Q* is the pure component peak x
intensity which is a function of W, the weight of the mineral mounted 
on the glass plate. Equations 2,1 to 2,6 are the equations to the curves 
in figure 22. They apply only for values of V between 0,005 and 0,05 
grams. Note that these 1? valuers are specific not only to the given 
minerals, but also to the x-ray diffraction unit at the time these and 
the unknown samples were scanned, and~to the method of mounting the 
samples.
By combining the 1? values obtained from the above equations with 




R . ~~r ' .1 ...oo... . . . . . . . . . o . . . o . » o . (3)
I. u.1 1
The u. values obtained from Brindley (1961) and Klug and Alexander 
(1964) and by calculation (Chlorite) are:
“L = 51 
%  - 32
"K “ 31 
“Cl “ 75 
«C = 71
“a - 35
The R values of pairs of minerals (i, j) are combined in equation 2
to produce values of B.. (the linear interaction coefficient)*
R, D1
33 . • ooao»o«ooeoo»#*e*oe*»»**o«***6«»«oe**o**6eQ66*e ( ̂0
\
For a 6 component mixture there are J>6 B... values* Rote that
sB-. = iirin1 and that B.. - 1. By substituting the appropriate B . . I .J X *nur-rj*fi it '""nr XX J X X
and I. inequation (l) the weight fraction (x) of mineral (i) in thetJ
sample (s) is obtained* The I? and IS values are the peak heights (counts)A J
of the designated x-ray diffraction peaks of the 6 given minerals.
These peaks are: Illite 001, ,3;nectitej001, Kaolinite 002 (slow scan),
Chlorite 004 (slow scan), Ca'lcite 104* Quartz 100.
Z IS




































Computer Program to Convert X-ray 
Diffraction Intensities to 
Mineral Weight Percentages
$JOB ViATF0R,TIME=30C,PACES = 150
C STANSBURYM M.C. (GEOLOGY l)E PT. »,(1006. ,50026 »C * <i>k $#* ***< 4 * n if ****
C I ( 1) = SM EC TI TE INTENSITY
C 1(2)= QU AR T7 INTENSITY
C I ( 3 ) = KO L I N I T E INTENSITY
C II4)=CALC ITF INTENSITY
C I(5)=ILLITE INTENSITY
C 1(61 =CHLORITE INTENSITY
C W = WEIGHT OF SAMPLE
C MAIN PROGRAM******#*#*********##****"!1*’!'*1!'**
















WRITE!6 ,4)X(1),SAMPLF ,X(2) , X(3) ,X(4I ,X (5),X(6)
4 FORMAT!/5X,*SMECTITE•,5X,F8,4,* PERCENT*,5X ,•SAMPLE»4X,A5,//
15X,*0LART7',7X,P8„4,* PERCENT*//
25X, ‘KAOLINITE' ,4X,F8„4, * PERCENT*//
35X,*CALCITE*,6X,F8«4,* PERCENT*//
45X,* ILLITE*,7X,F8.4,• PERCENT"//
55X, 'CHLOR I TE* , 5X,E F. 4 , • PERCENT'//)
WRITE(T,6)SAMPLE,(X(J),J=1,6)
6 FORMAT!1X, A 5,5X,6F fl« 4 I
GO TO 10 
100 STOP
ENO
C * ************** S*#** ******* ***#*1!<1i> **** *****
C CHECKING TO OBTAIN INFORMATION ON ANY ZERO INTENSITIES
C * * * * * * * * * * * * * *  * * * * * * * * * * * * * * *  * * * * * * *  *****
SUBROUTINE CAL IN K  I (
DIMENSION 1(6) *“
REAL I 
DO 20 J =1,6
IF( I(J>*LE. 1.0F-2C) GC TO 30 
GO TO 20 




C * ****** ** ************************* ***♦ *****
C CALCULATION OF INTENSITIES










42 l0(6l=7C«0+«I 9* R
43 RETURN
44 ENDC at******************************************
C CALCULATION OF Rl FACTOR
C #4: 4 4 4 4 4 4 4 4 4 4 4  44 * 4 4 4 4 4 4 4 4 4 4 4 44 4 4 4 4 * 44 4 4
45 SUBROUTINE CALRI(IC,U,R>
46 REAL 10
47 DIMENSION 10 I 6» ,U ( 61 , P. ( 6 )
48 U<1>=32.0
49 U(2I=35»0
50 U ( 3 > = 31» 0
51 U(4)=71.C
52 U (51=51.0
53 U ( 6 I = 75 » 0
54 DO 10 1=1,6




C  Jfr 4 4 . + 4  4  4 4  * 4
C CALCULATION OF RETA'S
59 SUBROUTINE CALB(B,R>
60 DIMENSION B(6,6),R(6)
61 DO 20 1=1,6
62 DO 20 J=1,6




c *  * * * * • ! 4 4  4 4 4 4 4  4 4 4  4 4  4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4  4 4  4 4 4  4 4 4 4 4
C CALCULATION OF PERCENTAGESC a.*’* <<*>*•* **^4* *4* i*** *>*4* *4 >*>*4 *44 ■S'*#**#
67 SUBROUTINE CALX(X,B,I)
68 REAL I _
69 DIMENSION X I 6),BI £,6>,I(61
70 X(l)=l/(1+R <2,l l * I < 2 m ( l H B ( 3 a > * i m / i m +8(4,11*1(4 1/1(1) 
1+B(5, 1)*1(51/1( 1)+R(6,11*1 (6)/I ( II I




73 X(4)=l/(1+B( 1,4 1*1(1)/I(4»+B(2,4)*1 (2)/I (41+B(3,4)*l(3)/I(4l 
4+B(5,4I*I(5)/I(4)+8(6,4)*I(6)/I(4))
74 X(5) = l/(l + 6 ( l , 5 l * i m / I ( 5 )  + B<2,5>*I(2)/I(5)+B(3,5)*I(3)/I(5) 
5+B(4, 5) * I(4)/lt 5)+B(6,5)*I(6)/I(5) )
75 X(6> = l/(l+B(l,6>*im/I(6)+B(2,6)*I(2)/l(6)+B(3,fc)*im/I(6l 
6+ B(4,6I*I(4)/I(61+B(5«6)*I(5)/1 (6> )
76 DO 30 J =1, 6
111
Appendix 4
Weight Percent of Minerals in Bulk Samples
Core Sample Percentage of mineral in bulk sample
Wo. Type* (mean of 2 replicates)
Illlte Calcite Kaolinite Smectite Chlorite Quar
1 P 15 4-5 5 13 7 15
2 P 20 34 6 18 8 14
3 P 13 44 4 9 6 24-
4 CT 14 43 4 10 7 23
5 P 40 0 8 21 12 19
6 P 20 34 4 11 10 21
7 P 24 23 8 19 8 19
8 CT 25 25 7 15 9 19
9 P 31 9 9 18 13 20
10 P 15 45 4 10 6 20
It CT 17 50 5 10 6 11
12 P 27 29 5 13 9 17
13 P 28 25 6 14 9 19
14 CT 21 35 5 14 6 19
15 P 18 43 4 11 7 17
16 CT 22 18 5 17 11 28
17 P 32 13 8 16 8 24
18 P 32 7 7 22 11 22
19 P 21 35 6 13 8 17
20 P 22 32 5 14 10 16
21 P 30 8 10 20 14 19
22 P 21 39 7 7 9 17
23 P 26 29 8 12 12 13
24 P 24 26 7 15 11 18
25 P 29 14 8 16 11 23
26 P 34 13 7 13 14 19
30 P 36 6 7 20 10 20
31 P 31 9 ’“8 7 22 24
32 P 30 13 9 17 12 19
34 CT 26 18 8 18 7 23
35 P 28 14 8 18 10 22
36 P 28 15 9 19 11 19
57 CT 30 5 8 18 15 25
38 P 29 21 7 15 9 19
39 CT 28 16 7 14 14 21
40 CT 34 15 6 16 11 18
41 CT 29 13 8 16 15 20
Appendix 4 (continued)
Core Sample Percentage of mineral in bulk sample
No. Type* (mean of 2 replicates)
Illite Calcite lutoUnite Smectite Chlorite Quartz
42 CT 26 10
42 CT 26 20
44 CT 22 22
45 P 22 22
46 CT 27 22
47 CT 26 24
48 CT 29 19
49 CT 22 26
50 CT 21 33
51 CT 26 14
52 CT 21 13
6 15 13 20
6 19 9 20
7 19 10 21
7 16 11 11
7 14 12 18
6 18 12 15
5 23 9 15
7 18 8 18
7 13 8 18
8 15 13 27
7 12 13 25
* Phleger (p ), or Core Top (CT).
Appendix 5
Weight Percent of Minerals in the 
Le s s-than-two-micron fraction
Percentage of mineral in the less~than-tno~mici’on fraction 
of the sample (mean of 2 replicates)
Core No. Illite Smectite Kaolirrite Chlorite Calcite Quartz
1 43 22 9 18 5 1.8
2 42 23 11 19 4 1.5
3 33 24 9 24 8 1.7
4 36 25 10 17 10 1.6
5 45 16 12 24 0 1.7
6 40 26 11 18 2 2.3
7 37 27 11 14 9 1.9
8 37 24 13 15 9 1.7
9 39 24 11 22 3 1.4
10 30 23 7 13 26 0.8
11 31 16 7 13 31 1.5
12 36 26 9 15 11 1.9
13 37 29 9 15 8 1.7
14 31 29 9 17 11 2.3
15 32 30 12 11 13 1.7
16 46 15 11 20 5 1 *6
17 41 28 14 9 5 2.7
18 35 31 9 22 1 1.2
19 32 20 7 27 12 1.4
20 33 20 9 24 13 1.4
21 38 14 11 26 10 1.3
22 40 22 9 16 11 1.5
23 34 22 8 20 14 1.2
24 39 23 10 17 10 1.7
25 39 25 9 17 8 1.4
26 45 19 9 23 3 1.0
30 41 26 11 “ 16 4 1.9
31 41 7 9 36 5 1.6
32 41 22 11 18 7 1.7
34 37 23 13 16 9 1.9
35 33 25 11 17 7 1.6
36 37 26 7 18 10 1.6
37 46 22 13 13 3 2.3
38 37 23 9 18 11 1.2
39 49 20 7 16 6 1.5
40 41 21 7 20 9 1.7
41 46 20 7 19 6 1.3
Appendix 5 (continued)
Percentage of mineral in the 1ess™ than-two-micron fraction 
of the sample (mean of 2 replicates)
Core TiOt, Illite Smectite Kao1inito Chlorite Calcite Quanta
42 45 15 11 25 4 1.1
43 40 28 9 13 8 1.4
44 38 25 8 16 11 1.6
45 36 2t 9 21 12 1.2
46 43 19 9 19 9 1.3
47 40 22 7 19 11 1.2
4-8 37 25 9 19 9 1.1
49 33 21 10 20 14 1.3
50 38 23 11 18 8 1.6
51 43 17 13 21 4 1.5
52 37 20 10 24 8 1.4
i i :>
Appendix 6
Distille-d Water Wash Analyses
Concentrations in distilled water wash,, Wash procedure carried out at 
laboratory temperature. Concentrations expressed in milli moles per .100 
yâ ar.is of sediment. Concentrations that are the mean, of analyses of washes 
of "two separate aliquots are marked with an asterisk.
>re no. K Na Mg. Ca Cl SO-4
01 2,71 58.5 5.85 1.89 59.3 2.83
02 5.45 89.0 4.42 1.45 84.4 4.69
05 2.57* 54.7* 3.80* 1.54* 53.6* 3.08*
04 2.44* 56.4* 4.07* 2.50* 47.3* 2.82*
05 5»99 a). 6 5.91 1.40 79.0 3.80
06 5.72 77.1 2.58 1.02 67.9 3.69
07 4.26 95.6 6.85 3.08 96.8 4.86
08 5.54 67.6 4.45 2.22 76.0 3.45
09 5.71* 44.6* 3.54* 2.53* 41.8* 5.20*
10 2. .55* 54.5* 3.61* 1.45* 57.7* • 3.00*
11 2,85 65.2 4.72 2.59 67.0 3.15
12 2.66 66.7 4.71 2.2.8 64.9 3.22
15 5.20* 62,5* 2.05* 1.29* 46.7* 2.38*
14 2.58 55.6 4.05 3.32 60.8 3.60
15 5.58 10108 1.55 1.97 83.6 4.34
16 2.49 59.8 1.51 1.62 39.1 1.84
17 5.51 81,0 4.54 1.98 78.2 3.98
18 4.84 72.6 4.84 2.27 73.6 3.72
19 2.80* 67.9* 5.69* 1.95* 62.5* 3.20*
20 2.81* 59.4* 3.17* 2.15* 58.4* 2.83*
21 5.26* 72.0* 4.59* 1.72* 71.2* 3.07*
22 2.79 65.5 2.55 1.20 61.5 2.97
25 2.80* 72.5* 4.23* 1.44* 66.7* 3.42*
24 2.85* 65.7* 2.73* 1.29* 61.1* 2.82*
25 4.12* 9U5* 6.22* 2.53* 94.8* 4.30*
26 4.19* 55.9* 1.̂ 89* 0.80* 52.5* 2.65*
51 5.25 45.7 2.42 8.53 43.5 2.48
52 5.93* 87.8* 4.66* 2.01* 85.8* 4.15*
54 4.10 78.7 4.78 2.77 80.9 4.57
55 4.59* 75.5* 2.84* 1.53* 67.4* 3.21*
56 5.26* 81.6* 2.38* 0.96* 69.3* 3.30
57 5.57 84.4 3.05 1.45 . 77.8 0.90
58 2.54 76.1 4.54 1.31 69.9 0.46
59 2.95 84.0 4.54 2.16 77.8 4.21
40 5.05 76.6 4.32 2.07 73.4 3.75
41 5.20 68.9 2.95 2.33 68.2 4.86
I I u
Appendix 6 (continued)
Core no. K. Na Mg Ca Cl 4
42 4.33* 84.5* 4.83* 1.05* 75.0* 3.35*
45 2.29 84.3 4.51 1.79 71.5 3.49
44 2,93 74.6 3.35 3.15 70.7 3.03
45 3.19 96.8 5.13 2,15 75.1 3.66
46 3.08* 82.4* 5.03* 2.29* 74.7* 2.96*
47 2.67 73oO 4.12 3.32 73.7 3.29
48 2.66 79.5 4.26 1.58 71.8 3.22
49 2.55* 65.5* 4.10* 1.50* 61.2* 3.17*
50 2.10* 58,0* 2.66* 1.60* 53.5* 2.54*
51 4.32* 70.7* 4.80* 1.92* 65.7* 5.39*
52 3.27 72.2 3.94 1.24 67.3 3.23
Dredge 83 2.78* 71.8* 2.88* 1.38* 49.5* 2,06*




Concentrations of elements extracted by Ammonium Acetate wash, after 
distilled water wash (see text). Extraction carried out at laboratory 
temperature. Concentrations expressed in milli mo3.es per 103 /roams of 
sediment* Concentrations that are marked with an asterisk are the 
mean of analyses of leachates of two separate aliquots.
Sample No* Potassium Sodium Magnesium Calcium
01 0.75 0.44 05.30 07.14
02 1.35 1.28 09.27 08.65
03 0.71* 0.54* 04.70* 07.57*
04 0.58* 0.30* 03.55* 08.02*
05 1.34 0.79 13.03 21.28
06 2.12 1.62 11.89 25.60
07 1.60 0.98 08.23 08.31
08 1.01 0.50 06.82 10.34
09 1.56* 1 .80* 07.12* 04.92*
10 1.03* 6.29* 05.48* 05.78*
11 0.85 0.45 04.92 05.97
12 1.11 0.80 05.65 04.28
13 1.87* 1.32* 06.99* 06.30*
14 0.85 1.74 04.92 04.98
15 2.02 1.88 09.81 06.51
16 1.15 0.50 05.47 05.53
17 1.82 1.21 07.87 07.41
18 1.11 0.68 06.13 08.37
19 1.03* 0.47* 06.03* 05.16*
20 1.49* 0.82* 06.51* 05.55*
21 1.49* 0.71* 07.18* 06.41*
22 2.39 2.67 08.50 06.14
23 2.07* 1.91* 07.60* 05.33*
24 1.81* 1.99* 09.52* 07.22*
25 1.27* 4.73* 08.38* 08.14*
26 2.64* 1.84* 06,64* 02.59*
31 1.78 0.76 “ 04.83 01.93
32 1.66* 0.76* 09.12* 06.92*
34 1.49 0.39 03.00 39.48
35 2,51* 1.40* 08.80* 06.26*
36 3.63* 2.90* 08.76* 03.95*
37 3.24 2.39 - “ 09.66 06.17
38 2.76 3.98 07.04 04.79
39 2.25 1.57 07.65 06.89
40 2.62 2.39 08.33 04.37
41 2.37 2.12 08.58 05.20
118
Appendix 7 (continued)
Sample no, Potassium Magnesium Calcium
42 4-11* 3.36* 08.16* 02.72*
45 2.65 3.65 06.65 03.42
44 1.57 0.67 07.31 05.04
45 1.01 1.43 06.76 04.24
46 1.96* 4.92* 06.96* 05.64*
47 1.65 1.14 07.17 15.44
48 2.54 3.51 07.12 05.35
49 2.26* 1.50* 04.18* 04.04*
50 1.57* 1.57* 06.29* 03.89*
51 2.20* 1.75* 06.85* 04.24*
52 2.15 1.76 06.84 02.77
;e 83 1.99* 2.13* 05.37* 03.16*
:e155 4.01* 3.89* 03.30* 04.14*
Appendix 8
General Means and Analyses of Variance 
The following abbreviations and symbols have been used:
s.e. -- standard error ** = significant at the
M.S. = mean square 0.01 level
d.f. = degrees of freedom * ~ significant at the
C.V. = coefficient of variation 0.05 level
Appendix 8, Section 1v General Means and Analyses of Variance of





Illite Smectite Kaolinite Chlorite Calcite Quartz
General Kean 25.8
s.e. of the 0.47
general mean
























2.2 1.0 1.9 6.3
19.3
0.39




3.40** 2.96** 2.18** 2.67** 3.94** 1.79*
2.7
C.V. 18 19 22 26 39 19
I dU
Appendix 8, Section 2; General Means and Analyses of Variance of
mineral percentaf3e data of the less-than-two- 
micron fraction.
Illite Smectite Kaolinite Chlorite
General Ifean 38.7 22.4









































Appendix 8, Section 3: General Means and Analyses of Variance of
rainoi'al percentage data of bulk sediments with 
carbonate removed.
Illite Smectite Kaolinite Chlorite Quartz
General Mean















































Aroendir. 8, Section 4 : General Means and Analyses of Variance for
wash solutions.(Millimolos/100 g sediment).












































Appendix 6, Section 5? General I-loans of Analyses of Variance of KILOAc
leachates, (Millimoles/100 g sediment).
K Na Mg Ca
General Mean 1.9 1.8 7.3 7.1
s.e, of 
general mean .07 0.22 .03 .28
M.S.
(treatments 
i.e. cores) 1.82 5.10 .06 6.11
d.f.
treatments 21 21 21 21
M.S.
(error) .10 1.06 .01 1.70
d.f.
(error) 22 22 22 22
F statistic 18.77** 4.84** 4.63** 3.60**
s.e. of the ith 
core moan 0.22 0.73 0.08 0.92
C.V. 16.3 56.6 1.6 20.1
124
Appendix 8, Section 6: General Means and Analyses of Variance of
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Correlation coefficients that v;ere tested and found not to be significant 
are indicated by a dash. * indicates significant at the 0.05 level; ** 
indicates significant at the 0.01 level; *** indicates significant at the 
0.001 level.
Aopondix. 9r Section 1: Correlation coefficients between the mineralogy of
the bulk sediments and the mineralogy of the 
less-than-two-micron fraction.
Mineralogy of bulk samples with 
Mineralogy of less-than-two-micron fraction
Illite Smectite Kaolinite Chlorite Quartz Calcite











Appendix 9, Section 2; Correlation coefficients, mineralogy of bulk
sediments*
Smectite Kaolinite Chlorite Quartz Calcite Depth
6 m in e ra l 
b as is
Illite ,482*** .658*** .655*** -.894*** -.287*
Smectite .416** _ -.583*** --—
Kao Unite .575*** —Mm -.741*** -- r-





Illite r r .771 ***
Smectite ___ 595*** -.319* .354*





Illite -.609*** ”•>307* _
Smectite „  -.709*** .330*
Kaolinite T------ 1 . „
Chlorite -.341*
Appendix 9. Section 3: Correlation coefficients* mineralogy of the
less-than-two~raicron fraction.








































.Appendix 9> Section As Correlation coefficients of mineralogy compared
■with the chemical analyses of w&sli solution and
Kfl.OAc 1 each ate o 4
The Cation Exchange Capacities v/ere calculated 
from the minex'al percentages by the equation;
(100 Smectite fo) + (40 Illite >a) + (40 Chlorite $
+(4- Kaolinite fo).
Wash Solution.
K Ifa Kg Ca
EH.OAc Leachate 
K 4 La Kg Ca
CEO (6 mineral basis)
■M-B-S-
•464
f t *o383 .266 7093 .274 7030
I H t -
•389 .066
CEO carbonate free basis •071 .375 •30? 7213 7012 7043 .152 *054
CEO clay minerals only 7115 • 153 • 186 7259 7254 7052 7078 7169
' 2 u  Kineralo/iy
CEO (6 mineral basis) .145 *289
-J|b
.011 7323 •002 *071 .182 ®11 o
CSS carbonate free basis "'090 • 232 •034 7300 7*130 .185 7023 .022
CSC clay minerals only 7072 •  217 •029 7198 7181 *020 .023 .129
Bulk Mineralogy
ItKCViMlieiC-AaMn « > t» KM’CS'Mfc vc
Illite 6 min.
carbonate free












K M M IM
cow«s>ua









WASI!i,'» W iW f f * •w x < a r»  uaau*!«»
■m -h -
•314 ■nccKicnf*
clays only — w s w n i  M M N n a esee#«M*. « 4 « a K t «*in.>L. rr>




carbonate free *i*e»»ntn MillOWM
clays only — U IT W U » t lK U im M t M O l  iM>)UMA. i ii—irm
Chlorite 6 rain. *329
•8*






_  *418„ -K-K” ftft
.376 .421
M w u t A  .M M m ai 




Appendix 3, Section 4-: (continued)
Wash Solution KH^OAc Leachate
K Ha %  Ca K Ha Kg Ca
Quanta 6 minerals
Carbonate free ___ .389__„  _  .310
_ _  - K - *
Calcite 6 minerals .356___  __ .376
-2u Mineralogy
Illite 6 minerals        ___ .355 .363
-x-
Carbonate free  _ ____     .302   _
Clay only    _ ___ _______   .231 ___
*X" «. FJrSmectite 6 mineral's   .286  .328  __ __________ _
*Carbonate free     .303     _ __
Clay only _____ _ _______ __ ___  _ __ __ ___
*>r 94 X-
Kaolinite 6 minerals .314________    .341 .400
Carbonate free __               .337
Clay only   _____ .____     , .412
•K -X-
Chloi'ite 6 minerals   .355 .351 _ __ ________ _____
Carbonate free  _ *390____ .363____ __________ ___
_ **• #*•
Clay only ___  .417~__  .417 ___  _____________
-  .* *Quarts 6 mi h o t'a Is ___ __________ _______ _ .352  __ .350
Carbonate free   _____ _____ ________.345    .308
mm "'4
Calcite .410___        ,__ _ ,___ .38® ___
Anoendix 9, Section 5$ Correlation. coefficients of mineralogy conroared>i i mithiii«Mi —mum i iiiiinniifl l>iTm-i«r« it«T|->iiiinrii1 in ^with the chemical analyses in total pore solution.
The Cation Exchange Capacities were calculated fro.’ 
the mineral percentages by the equations (1CO 
















CEO 6 mineral basis 
CEO carbonate free basis
« • ».406














CEO clay minerals only o203 *034 T233 .144 .034- .120
2u Fd.neralojsy«*• r»«*io*rtu irmiiM •* v.
.288CBC 6 mineral basis .222 *097 .043 *163 .057
CSC carbonate free basis .193 .021 Tl 57 .242 .003 .031
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carbonate free rm























«  -ms- .427



















































carb. free *307„ ft
cleys only *312
ft




















Wash. Solution Ion Ratios 
Ca SO, K %
Ha CaCl
- i
Cl A B I)
Depth
~2o. lm.neralo/>y 


















































6 minerals 7398 •366
_ ** 
.375
jRBg3&2LSii A c .tion 6 s (continued)








d - KW»«1 Hil‘1-------
(KgtCa) a
Na
| J *  . . K * i« K J ( M a i< j i» > V ;0
(MgiCa)'2"
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Appendix 9. Section h  Correlation coefficients of mineralogy compared
with ion ratios of the Ammonium Acetate leachate.
Ammonium Acetate Leachate Ion Ratios 
K Ha Kg Ca K Mg
v m n m  wni ta* n**iV*v* wttMi iniHH A
Cl Cl Cl Cl Ha Ca B C D £




clay only .»  * .342








































carb. free ,362 >296
1 'Vo
Appendix 9. Section. 7 i (continued)
Ammonium Acetate Leachate Ion Ratios 
K Ha Kg Ca K Kg
•n«»Miu» •'•rw* umi n<4inM» i#mi
Cl Cl Cl Cl Ka Ca A B D £
Calcito 
6 minerals « *4*.298 .3 87
*
.333


















clay only luiMa c-rgMi
.283 .293
_  *  m i  «






















6 minerals —  ’S'.360 _ # „ .355 .423 *  *-» .386
„ -JHt
.397
Appendix 9. Section 7? (continued)r~r* r ~ ~t — i i------rr~.m. ----- , —  . .. —  i■ \ r
K 17 a Mg Ca K Kg
—u*r« «MtrM A B O D ECl Cl Cl Cl Na Ca
Quartz _ -K- * •«* *«■ „„



















Appendix 9, Section 8; Correlation coefficients of the mineralogy compared
with depth and ion ratios of the total pore 
solution.







MCa B D E Depth
Bulk Mineralogy
CEC
6 minerals  _
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Appendix 9» Section 8 (continued)
Total Pore Solution Ion Katios
cf f r  §  §? t i  f t  A B 0 B E Ee>=th
Quartz * __ **
6 minerals _____    . _______ .339 __ ____ __ __ •476
■X- _  -X-iV _  *  _  * • *
carb. free __     .291   .574 .287 _  .595 __ __ __
Calcite _ ## _ -x- _ *+:- „ •» _ *■*
6 minerals .414 ___ .293 .469 .289   ______ _ _  .459 .383
_  • * • - *  _  + > #  x -  _  • * • ■ *Depth .373 ___ _  __ .381 .302 ______  _  .412 _____
~2u Kineraloyy 
CISC
6 minerals ______   _____   ______   ______ _____ __ __________
_ -K- _ ■**
carb. free .312     _______ .410 __
- * ... -x*clays only .356       .430 _
Illite # * ^ __ .̂.K.
6 minerals .288 _____ .334 .308           _____ .463
_ **
carb. free ___________      _____ ______ _________ ___ ______  .377
»•
clays only __ ______   _____           .319
Smectite __ * *
6 minerals _____     .331 ____________ _______________ _____  .287
_  # _  *
etirb. free .319   _    .414 _  _________   .362
'X* ■Vr'kclays on3.y 7345       *426 _______ _____   ______    _ .327
Kaolinite
6 minerals .316   .321• X
*carb. free .293
Appendix 9. Section 8 (continued)
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Chlorite ^ 
6 minerals .329
*<■¥;.400 _  _  _
carb. free w_
*■.322 _  _  __




*.263 .. ** „ **_  .413 .385 _  __ „ * .286
carb. free ___ —
*•
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m *X'*X- ^ -ft
.431 .324
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Calcite # 
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Appendix 9f Section 9 » Correlation coefficients of elements in the
total oore solution.
K Kg Ca SO,4 Cl
-XX ***
lfe .457 .791 , --------- .913
** *K .414 .311
***







In the bulk mineral determinations, about 0.25 g of the homogenized 
sample was washod in 50 wl of distilled water five times; oven dried; 
ground under butanol in a motor-driven agate mortar for 15 minutes; and 
again oven dried. Of this, 0.015 g was sedimonted onto a glass plate by- 
centrifugation in 10 ml of water using the method of Kinter and Diamond 
(1956). After the plates had been air dried and had remained 24 hours in a 
glycol dissicator, they were analysed with a Norelco x-ray diffraction unit. 
They were scanned from 2° to 45°20 at 2°29 per minute (fast scan) and from 
24° to 25.5°29 at 1/8°2Q per minute (alow scan). CuK^ radiation was used.
Peak intensities of smectite (001) (17*6^), illite (001) (10$), quartz 
(100)(4.26)1), and calcite (104)(3.04)1) were read, from the fast scan, and 
those of kaolinite 002 (3*58$) and chlorite 004 (3.54a) from the slow scan 
record after the method of Biscaye (1961). Figure 4 shows representative 
examples of the scan records.
One of the most difficult problems encountered in x-ray analyses is 
the distinction between kaolinite and chlorite. Griffin (1962) attributed 
most of the rI% peak to kaolinite while,..Grim and Johns (1954) attributed 
it almost exclusively to chlorite. Conflicting results have been 
reported because differences in crystalinity affect the reactions 
of chlorite and kaolinite to heat treatments. As far as has been determined, 
in well crystallized (metamorphic and igneous) material, kaolinite is 
destroyed at about 600°C, while chlorite is not affected. With the poorly
crystalline minerals common to recent sediments, the reverse response may 
occur. The problem has been adequately summarised, and discussed by Brooks 
(1970).
Biscaye (1961) warns of the hazard in applying the slow scan method 
to distinguish the two clay minerals. Varying chlorite composition may 
change the position of the chlorite peak. The peaks are interpreted as; 
a single peak at 3.54?. is very probably chlorite; a single peak at 3.58 
is very probably kaolinite; a single peak between these positions is 
ambiguous; and if two peaks can be resolved they almost certainly indicate 
the presence of kaolinite and chlorite. Double resolution v,ras obtained 
in all x-ray diffractograms in this study. The presence of chlorite is 
further confirmed by small, approximately 14? peaks on most diffractograras 
(Fig, 4) and the presence of a 14? non-expanding peak in the two-mineral 
assemblage of the less-than-two-tentho-micron fraction.
Peak heights above background were used as a measure of peak intensit­
ies instead of peak areas. Establishing a base line is a problem because 
the expanded smectite peak occurs at a low 20 angle, the diffracted beam 
monochromator intersects the primary x-ray beam below 4°20, and. low angle 
scattering of x-rays from the glass slide occurs. This was met by fitting 
the diffraction curve of a clean glass slide to each diffraction pattern 
in a constant manner. The minimum on. the glass curve at about 15°29 was 
made to coincide with the analogous minimum on the diffractogram (Fig. 4 )* 
The reasonable standard errors obtained. (Appendix 8) attest to the 
reproducibility of the method. Further, most of the error probably came 
from sample preparation. Moore (1965, 1968) showed that peak height is 
an adequate representation of peak intensity for oriented samples, as the
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requisite linearity of interaction holds. Some investigators have used 
other techniques. Biscaye (1965) rejected the peak height method in 
favour of peak area. Harlan (1966, cited in Scafe, 1971) and Pierce and 
Siegel (1969) found no basis on which to prefer one method over the 
other. Scafe and Kunxe (19T1) found better agreement with cation exchange 
Capacity data using peak height measurements. Brindley (i961> p. 512) 
noted that any error in determination of background level will cause a 
greater percentage error in peak area than in peak height.
After the distilled water washing, but before grinding, the sample 
was suspended in 50 ml water and allowed to settle. An aliquot of 
approximately 0.015 gm of the less'-than™two-micron fraction was drawn off 
by pipette. The removal of this aliquot from the bulk sample does not 
change appreciably its mineral ratios. The nomograph of Tanner and 
Jackson (1948) (also in Jackson, 1956, p. 115) was used to determine a 
time of 5 hours 20 minutes for larger-than-two-micron particles to settle 
5 cm. This nomograph based on Stokes Law, assumes a particle specific 
gravity of 2.65. That the hydrated specific gravity of clay minerals is 
considerably less than this is immaterial. The label "less-than-two-mic- 
rons size fraction" refers to that fraction of the sediment that has an 
hydraulic settling velocity equivalent to spherical quarts grains 
(specific gravity 2.65) of that size range.
The less-than-two~micron material was sedimented, by centrifugation 
from the suspension, onto glass plates and analysed by x~ray diffraction 
in the manner described above. This produced thin, extremely well oriented 
clay films. Differing thicknesses of sediment on the glass plates are 
produced also. This thickness difference among slides was taken into
account by weighing as described below.
Mineral Percentage Calculations
Peak intensities were converted to mineral weight percentages by 
adapting the equation of Moore (1968). The conversion was made by the 
equation
B = the linear interaction coefficient (see below for calculation).
This equation is the fundamental statement of the linear effect of 
the presence of all other minerals on the net peak intensity of a given 
mineral. Moore (1968) has shown that the assumption of linear interactions 
among the six minerals being considered is reasonable.
The linear interaction coefficients were calculated by what Moore 
(i960) calls the pure component approach. Equations (2) and (5) are 
pertinent.
© © (1 )
where X? - the weight fraction of mineral i in the sample s.
Is = the net peak intensity of mineral j in x-ray scan of sample 3
31 = the net peak intensity of mineral i in the x-ray scan of
sample s.
(2)
wheref for example t R .0
« 0 (3)
and u. = mass absorption coefficient of mineral 'j,
and 1° » not x-ray peak intensity of a sample composed of a single miu-3
eral component, j; see above for the specific peaks used for 
each of the six minerals, illite, smectite, kaolinite, chlorite, 
calcite, quartz.
To determine the linear interaction coefficients, u. and 1°3 3
values must be obtained for each of the six minerals. Values of u. 
were taken from Brindley (1961, p.492) and King and Alexander (1964, 
p. 677), and are listed in Appendix 2. These mass absorption coefficients 
apply to ideal minerals, but large scale chemical variations are necessary 
to alter them significantly.
Values of I? are unique not only to each mineral peak, but also to 
D
the x-ray diffraction unit and the method of sample mounting, F0r
random sample mounts of infinite thickness (to x-rays), 1° is a constant3
for a given x-ray diffraction unit. A single 1° value is required. For3
oriented samples of finite thickness to x-rays, such as are used in this
study, 1° varies with thickness of sample on the glass plate. Because
all mounts are of constant area, thickness is directly proportional to
vreight of mineral on the glass plate. 1° values for each of the six3
minerals were determined for various weights of the mounts between 0.005
and O.OJO g. 1° values plot as linear functions of net vreight (Fig. 22).0
The clay minerals used for the determination of 1° values came 
from Dr. JR. E. Ferrell's collection in the L.S.U. Geology Department 
Geochemistry Laboratory. These consist of; Illite (No, 1), from 
Marblehead, Fond du Lac County, Wisconsin; Kaolinite, poorly crystaline 
(Ho. 50), from Georgia; Montmorillonite (No. 34), from Aberdeen,
Mississippi? Chlorite (ifc. 52), from Ishpeming, Michigan. Ground 
crystalline quarts and calcite were used.
All bulk samples were prepared with a weight of 0.015 g. There­
fore a single 1° value for each mineral was determined from the equations J
for the curves in figure 22. The resulting single set of linear inter­
action coefficients was used in equation 1 to calculate mineral percentage 
For the less-than-two micron samples, because every mount lias a 
different net vreight, a separate set of 1° values for each mount must be 
determined from the equations for the curves in figure 22. A 
separate set of linear interaction coefficients results for each mount.
The complete set of equations necessary to convert inputs of sample 
weights and x-ray peak intensities into mineral percentages are given in 
Appendix 2. A computer program was used to eliminate the obvious 
tedium of these calculations (Appendix 3)*
A specific example of the use of relation (1) is shown in 
equation (4) below which is the.equation for calculating the fractional 
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where B, I, s have the same meaning as in equation (i). Q = quartz,
L = illite, C •- calcite, M ~ smectite, K = kaolinite and Cl - chlorite. 
The first term of equation (4) is equal to unity. Similar equations are 
used for each of the other five minerals. Thus, the sum of the









Weight of sample on glass plate (g x 100)
Fig. 22i Curves for I. determinations for varying sample weights 
on glass slides, ^
fractional weights is equal to unity*
XQ + + XC + XH + *K + XC1 “ 1 ............................. - (5)
i.e. ^ 1......        (6)i 1 .
Two possible sources of bias are incorporated in these computations. 
Firstly, the linear interaction coefficients were calculated from R 
values of the reference minerals listed above. For example, the linear 
interaction coefficients for illite were obtained for Marblehead illite. 
It is difficult to assess the degree to which these values resemble those 
for illite in the Gulf of Mexico sediments. The R parameter is a linear 
function of the density of the minoralogical component, and of "a 
constant of diffractometer geometry and of the mineralogical component" 
(Moore, 1968). Large scale differences in the chemistry of the minerals 
in the samples compared with the standard mineral compositions would 
be necessary for significant bias. Secondly, the linear interaction 
coefficients were obtained for pure component samples of less-than-two- 
micron size. The grinding of the bulk samples only causes the sediment 
to approach this size range.
Pierce and Siegel (1969) summarised and analysed the problems of 
quantifying x-ray analyses in clay mineral studies. They found preparat­
ion technique significant at the ‘3 percent level but not at the 1 percent 
level. Subsampling was not significant at the 5/« level while method, of 
calculation of mineral percentages from x-ray diffraction peak 
intensities was significant at the V/j level. They reiterated the bane 
that true quantification in natural clay mixtures is an elusive goal, yet 
to be reached. The single most important factor in the differences
obtained in quantification is the method of calculation. The 
application here, of the calculation nethod developed by Moore (1963), 
to an extensive clay mineral field problem contributes a new and, 
hopefully, eventually fruitful approach.
Extraction of Interstitial Solutions
The deep Gulf samples arriving in this laboratory had been 
channel-split and stored in petri dishes. Some of them had undergone 
significant dessication. This nullified a squeezing technique for 
extracting pore waters. A washing technique was used instead.
Twenty-two samples, which were large enough, were divided into two 
aliquots of about three grams dry weight each. These went through all 
treatments separately. Kean values and experimental error from the dupli­
cates wore determined for these twenty-two samples (Appendix 8).
After homogenization by mixing with a spatula, a five to ten gram 
(wet weight) aliquot of the sample was placed in an eight ounce poly- 
ethelene wide-mouth screw-top bottle. The dry v/eight of the sample is 
needed as a basis for the expression of concentrations i.e. millimoles • 
per 100 g dry weight of sediment. The dry weight was obtained by taking 
two sub-aliquots from each aliquot of the sample and drying these at 105°C. 
The average difference in weight of the two sub-aliquots before and after 
drying, is the water content. The difference in water content of the two 
sub-aliquots of any given sample was always less than one percent. 
Precautions were taken to prevent error due to water-loss during the 
initial weighing, and water adsorption during the final weighing.
A volume of 125 ml distilled water was added to the aliquot.
The bottles were shaken on a wrist action shaker for 16 hours to ensure 
disaggregation. Centrifugation at 2,000 r.ppa, for 10 minutes allows 
the decantate to be separated. This washing procedure was repeated 
twice more, but with shaking periods of two hours and centrifugation 
times of eight hours (A.E. Reesman, verbal communication). This 
protracted centrifugation time is necessary because of the difficulty 
of flocculating the second and third washes.
Three washes, with 75 Ml of ammonium acetate at pH 8,2 with 
shaking periods of 16, 2 and 2 hours respectively, removed the remaining 
exchangeable cations. The distilled water and ammonium acetate leachates 
were made up to volumes of 500 and 250 ml, respectively, and analysed.
Chemical Analyses of Extracted Solutions
(Appendices 6 and 7)
The solutions extracted by distilled water washings are termed here, 
wash solutions. These and the ammonium acetate leachates were analysed 
for chloride, sulfate, potassium, sodium, magnesium and calcium.
Chloride was analysed by titration against mercuric nitrate with 
diphenylcarbazone indicator. Sulfate was determined by the turbidimetric 
method (A.P.H.A., 1965). The ammonium acetate leachates had no 
detectable chloride nor sulfate. “
The distilled water ammonium acetate leachates v,rere analysed for 
sodium, potassium, calcium and magnesium by Atomic Absorption Spectro­
photometry on a Perkins-Elmer 505 model. Dilutions of the samples were 
made to contain Y/o lanthanum and 5% hydrochloric acid as is normal
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CONCENTRATION (milligrams/ titer)  Mg
Pig, 23: Comparison curves for the determination of Mg concentration
from Atomic Absorbance, The curve on the loft was obtained for distilled 
water standards. The curve on the right was obtained for samples whose 
concentrations were determined by the method of additions.
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(Perkins-Elmer, 1964). Distilled water standards were prepared 
with the sane hydrochloric acid and lanthanum contents as the samples.
Calcite is slightly soluble in ammonium acetate (Bower et al.,
1952). The equilibrium concentrations for foraminiferal and crystal 
calcite were determined and found to be the same. This amount was 
subtracted from all calcium concentrations for ammonium leachates to 
compensate for calcite dissolved in the samples. Therefore, the 
calcium determinations cannot be expected to be as accurate nor as precise 
as other do terminations. When the concen.trat.ion of the distilled water 
wash samples determined by the method of additions were plotted versus 
absorbance, and compared with the distilled water concentration-absorbance 
plots, there was significant displacement over all or part of the curve. 
There was 110 such displacement for the ammonium acetate leachates.
The concentrations of at least 11 samples were determined by the method 
of additions to produce sample standard curves. These sample standard 
curves were used to determine the concentration of the remaining samples, 
rather than the distilled water standard curves (.Fig. 23).
No attempt was made to determine the cause of the displacement of 
the curves. That is a separate problem in itself. The method of using 
a sample-standard curve avoids the necessity of such determination and 




This discussion on Dorman equilibrium follows closely the 
development by Wiklander (1964-) - ho claims of originality are made by 
the author with respoct to this development. It is included here 
because an understanding of these principles is necessary for the 
discussion of pore solutions in marine sediments.
Wiklander (1964-) has shown that the Guoy-Chapman and Donnan theory 
are essentially equivalent. Nevertheless, the Donnan theory, unlike 
the Guoy-Chapman theory, makes no assumption about the structure of the 
exchanger.
Any system, in which, at least one ion species is restrained from 
freely diffusing throughout the whole system, is characterised by a 
Donnan equilibrium distribution. A clay particle with its diffuse double 
layer constitutes a micro-Donnan system. The coulomb forces of the net 
negative charge on the clay particle act as a restraint on the tendency 
of the counter ions to diffuse into the outer solution to level out 
the existing concentration differences.
by a consideration of chemical potential and its relation to activity, 
for an electrolyte of the general type MrA > the relationship
(7)
(8)
can be deduced (Wiklander, 1964). Here, M represents the cation, A 
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are a fairly adequate representation of the system pertaining to clayey 
marine sediments«
■(10)
If the distinction is made between ions originating from the 
clay particle (counter ions) and the electrolyte solution, formulae 
corresponding to equation J. &nd 8 are;
<** ♦ v " S  - s s  .......................................
+ t V  _ I XA V
h i  ~ ( v  .................  (11)
where Z refers to the activity of M ionised from the exchanger, Y to the 
activity of the ions of the free salt in the micellar solution, and X to 
the corresponding activity in the outer solution. Figure 24a depicts 
the above relationships graphically.
The Effect of Dilution
From the foregoing discussion, we are now equipped.to discuss the 
changes in the system that occur as the result of dilution - e.g. 
washing with distilled water prior to the laboratory extraction of









| 1 ACTIVITY OF
COUNTERIONS
A
\ J  ACTIVITY OF 
"FREE” CATIONS
D U R I N G  W A S H I N G
MIGRATION 
OF IONS
.TO M AINTAIN DILUTION OF OUTER 
_EQUILIBRIUM| SOLUTION BY DISTILLED 
, WATER WASHING
W A S H I N G  C O M P L E T EA
DISTANCE FROM PARTICLE SURFACE
Fig; 24i Schematic illustration of tho effect of successive 
distilled vrater washings on the activity of ions in the vicinity of a 
clay particle. These diagrams illustrate the dilution effect. Tho cation 
selectivity effect is not illustrated.
exchangeable cations.
Mien distilled water is added to a clayey suspension, the outer 
solution is diluted. Ions move out f rom the inner solution to maintain 
equilibrium (Fig. 24)* The situation in the lovrer part of figure 24 is 
never actually achieved. Hydrolysis occurs so that equilibrium condit~ 
.ions are fulfilled.
The net result is a change in tho relative ionic strengths of the 
inner and outer solutions. The ratio of the sum of the ion activities 
in the inner solution to the sum of the ion activities in the outer 
solution is always greater than one. With dilution the ratio increases 
(Fig. 24). This is known as the dilution effect.
Wiklander (1964, p. 119) uses the following argument to show that 
the ratio increases when dilution occurs. In equation (11), the 
sum of the adsorbed ions, may be replaced by W.CEC/v where W 
represents grams of exchanger (clay) in the system; CEC the exchange 
capacity in milliequivalents per gram of exchanger; and v the volume 
of the micellar solution. Thus for a salt, EA, equation (6) becomes
xA
ya xe      (12)
On dilution X., decreases but W.CKC/v -ia. practically constant and the 
hi
unequal ion distribution is enhanced.
Dilution causes the cation selectivity effect as well as the 
dilution effect. Dilution favours divalent ions on the exchanger.
It has been shown many times (Wiklander, 1964) that dilution of a 
clay-water system containing monovalent and divalent cations displaces
tho equilibrium in .ouch a manner that the adsorption of divalent ions 
increases and the adsorption of monovalent ion decreases. For example, 
the equation
where braces indicate concentrations; the concentrations of the inner
where f is the activity coefficient.
Equations (14) and (15) show that dilution increases the Câ :K_. 
ratio. Three factors contribute to this ratio change:
(c) a large may work against the cation selectivity effect. 
Experiments indicate that v^ varies with the kind of ion and kind 
of exchanger.
Helfferich 0 cj62, p. 34) discusses Donnan equilibrium for 





solution ions are expressed as moles (K., Ca.) divided by the inner1 1
solution volume (v.) and1
(15)
(a) on dilution (K) decreases faster that (Ca) , the so called ' ' 'o o
valence effect.
(b) on dilution, the relative increase in f is much greater
o
than f where f and f change only slightly.Ca.x
eleefcrolyto exclusion. If a few cations were to diffuse cut of the 
inner solution and a few anions went in the reverse direction, the 
result 'would be an accumulation of positive change in outer solution and 
a negative change in the inner solution. The potential difference set 
up, the so called "Donnan Potential" prevents tills migration.
Helfferich (1962) by a different line of reasoning, came to 
similar conclusions about dilution effects in ion exchanger systems.
He summarised well, (p. 139-140) the Donnan model:
"Strong electrolytes, in contrast to nonelectrolytes, are 
excluded, to varying degrees by ion exchangers. This electrolyte 
exclusion is favoured by low concentrations of the solution, high capacx 
. . . , lov/ valence of the counter ion, high valence of the co-ion, 
and. large molar volume of the electrolyte," He goes on to point-out 
that "electrolyte exclusion can partially or completely offset by 
association, complex formation, or similar interactions between the 
ions of the electrolyte and the fixed ionic groups on the matrix (inner 
solution) and by association of mobile ions with one another."
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